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The research on polymer based composite is a rapidly growing research area. The 
number of pubHcations on this subject is rapidly growing. Composite materials 
represent a category of engineering materials which are potentially very useful and thus 
pose special scientific and technical interest. These are the first materials that have 
internal structural disposal conceived by the human which gives them their special 
properties. The applications of composite materials are wide and many specialists 
consider that after stone age and metal age, the humanity in the present, is in full 
development of composites age. Composite materials represent a priority domain 
because nowadays the importance of these kinds of materials is growing, thanks to the 
performances/cost characteristics and excellent electrical, mechanical and thermal 
properties. 
Conducting polymers have become one of the most promising fields of research 
and development since the discovery of intrinsically conducting polymers by Alan J. 
Heeger, Hideki Shirakawa and Alan G. MacDiarmid in 1977, for which they were 
awarded the Nobel Prize in Chemistry, in the year 2000. Since the discovery in 1977 
that conjugated polymers can be doped to achieve almost metallic electronic 
conduction, the research field of conducting polymers has escalated, with applications 
such as in light emitting diodes, solar cells, thin film transistors, electrochemical 
transistors, logic circuits and sensors. These materials can be chemically modified 
during their synthesis in order to tailor the desired mechanical and electrical properties 
of the product. 
However, the major concern in this area is the lack of processibility of these 
polymers. Lately, the rapidly expanding field of nanocomposite is generating many exciting 
new materials with novel properties. It is therefore, of immense significance to explore 
whether nanostructures of conducting polymers can lead to better performance in these 
already established areas, and whether reliable and scalable synthetic methods can be 
developed for the synthesis of conducting polymer nanocomposite in order to provide the 
necessary materials base for both research and applications. The main aim of our proposed 
research wok is to synthesize organic-inorganic and organic-organic composite 
materials and apply these materials in analytical and electroanalytical applications. 
Abstract of the Thesis \\ 
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The PhD thesis entitled "preparation, characterization and applications of some 
composite materials" is structured along 9 chapters and 2 appendices: 267 pages, 19 
tables, 78 figures, and followed by a bibliographic list and reprints of the papers. 
CHAPTER 1 
The first chapter discusses some general aspects related to the composite materials. 
Starting from the premise that composite materials can be found in almost all domains 
of technical activities and embodies the general introduction of some insulating polymers 
and conducting polyaniline, its method of synthesis, mechanism of conduction, doping, 
processibility, drawbacks and methods to over come its processibility, formulation of 
composites, conduction theory in composites, advent of nanotechnology, literature survey 
on recent studies of conducting polymer based on blends, composites, as well as nano scale 
synthesis and current applicational studies of conducting polymers. 
CHAPTER 2 
This chapter lead to the synthesis of electrically conductive polyaniline-
titanium(IV)phosphate composite by sol-gel method. The obtained composite material 
was characterized by using fourier transform infra red spectroscopy, x-ray diffraction, 
scanning electron microscopy and thermogravimetric analysis. The composite showed 
good ion-exchange capacity and isothermal stability in terms of DC electrical 
conductivity retention at ambient condition below 100 °C. The composite material was 
investigated as methanol and ethanol vapors sensor and compared with blank 
polyaniline. The results showed that the composite was more selective and sensitive 
towards methanol vapors. 
CHAPTERS 
This chapter describes the synthesis of Zinc oxide and polyaniline-zinc oxide nano 
composite. The chemical oxidative polymerization of aniline in the presence of nano 
ZnO was employed to synthesize a PANI-ZnO nanocomposite. The material was 
characterized by using transmission electron microscopy, x-ray diffraction, scanning 
electron microscopy, fourier transform infrared spectroscopy and thermogravimatric 
Abstract of the Thesis IJJ 
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analysis. The conductivity measurements showed that the resulting composites 
possessed higher conductivity as compared to pure polyaniline. The nanocomposite was 
fairly sensitive towards solution of aqueous ammonia, when it was exposed to various 
concentrations of aqueous ammonia in an ambient room temperature. The results show 
that the sensor has good sensitivity and good repeatability upon repeated 
exposure to aqueous ammonia. 
The composite was also used to study electrical conductivity under isothermal condi-
tions in the temperature range 50-130 °C. The composite was found to be stable under 
ambient conditions below 90 °C in terms of DC electrical conductivity retention. 
CHAPTER 4 
This chapter deals with the formation of conductive fibers based on polyaniline and 
polyacrylonitrile, which were obtained by stirring with magnetic bar. This research was 
conducted to investigate conducting fibers of polyaniline:polyacrylonitrile (PANI:PAN) 
composite with different weight ratios of aniline in PAN matrix. The best conductivity 
behavior of the fibers was obtained with 5 mL of aniline. The fibers obtained were 
characterized using fourier-transform infrared spectra, scanning electron microscopy 
and thermogravimetric analysis. The variation of electrical conductivity with different 
type doping agents (HCI, H2SO4 and HCIO4) and the stability in terms of DC electrical 
conductivity retention was studied in an oxidative environment by isothermal 
techniques. 
CHAPTER 5 
In this chapter, we have described the formation of fibrous conducting polymers based 
on polyaniline and nylon-6,6 by stirring with magnetic bar. The increase in the ratio of 
conducting polymer volume in the case of such fibers makes them attractive materials 
for potential applications. As it is difficult directly to form fibers of conducting 
polymers, stirring process is attempted to form fibers of conducting polyaniline and 
nylon-6,6. In the present paper, the fibrous polyaniline:nylon-6,6 with different weight 
percentages (5% to 20% w/w) are prepared by stirring process. The fibers obtained are 
characterized using fourier-transform infrared spectra and scanning electron 
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microscopy. The variation of electrical conductivity with different type doping agents 
O.IM (HCl, H2SO4 and HCIO4) and the stability in terms of DC electrical conductivity 
retention was studied in an oxidative environment by isothermal characteristics. 
CHAPTER 6 
This chapter describes the preparation of hydrochloric acid andp-toluene sulphonic acid 
doped polyaniline-polyacrylonitrile composite films and was used as humidity and 
ammonia vapor sensing material. The change in resistivity of the composite films with 
respect to percent of relative humidity (%RH) was found to decrease with increase in 
humidity from 20-90% by some order of magnitude, using four-probe technique. The 
composite films were also found to possess significant ammonia vapor sensing capacity. 
The isothermal stability study in terms of DC electrical conductivity retention was also 
investigated. The results of some preliminary investigations regarding the humidity and 
ammonia vapor sensitivity are being reported here. These results are discussed in terms 
of potential applications of these composite materials. 
CHAPTER 7 
This chapter lead to the formation of polyaniline:nylon-6,6 composite films by diffusion 
process and the oxidative polymerization of aniline within the nylon-6,6 matrix. The 
composite films were characterized by fourier transform infrared spectroscopy, 
scanning electron microscopy as well as for their electrical properties. The surface 
electrical conductivity of the HCl (1 M) doped composite films increases with increase 
in the polyaniline content of the films. The study of electrical properties under 
isothermal conditions in the temperature range of 50-130°C showed that the composite 
films were stable under ambient conditions below 90°C in terms of DC electrical 
conductivity retention. 
CHAPTER 8 
Electrically conducting composites consisting of polyaniline (PANI) and graphite (GP) 
were developed by oxidative polymerization of aniline in the presence of graphite. The 
composite material was characterized by fourier transform infrared spectroscopy and 
thermogravimatric studies. The electrical conductivity of composite (PANl-GP) was 
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higher than pure polyaniline. The experimental resuhs indicated the stability in terms of 
DC electrical conductivity retention was studied in an oxidative environment by two 
slightly different techniques viz. isothermal and cyclic techniques. DC electrical 
conductivity of composite was found to be stable up to 90°C for most of the composites 
under ambient conditions. 
CHAPTER 9 
This chapter describe the preparation of polyaniline:polyethyleneterephthalate compo-
site by chemical oxidative polymerization of aniline in the matrix. Thus prepared 
composite films were characterized by fourier-transform infrared spectra and scanning 
electron microscopy for their electrical properties and the thermo-oxidative stability was 
studied by thermogravimetry and differential thermal analysis. The stability in terms of 
DC electrical conductivity retention was studied in an oxidative environment by two 
slightly different techniques viz. isothermal and cyclic techniques. DC electrical 
conductivity of composite films was found to be stable up to 9(fC for most of the 
composites under ambient conditions. The composite films were employed as a cathode 
in secondary cells containing IM ZnCb solution also. The studies were carried out on 
the charge/discharge cycles under a constant current load 140 mA. The composite films 
showed similar behavior in electrolyte solution and cell response is reversible. In order 
to determine the diffusion coefficient for the chloride ions diffusion into the composite 
films electrochemically, galvanostatic pulse method was used. The diffusion coefficient 
was estimated to be -3.28X10''^cm^s"'. 
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GENERAL INTRODUCTION 
1.1. MATERIALS 
Materials science have played a important role in the development of human civilization that we associate ages with them, as the historians have 
identified the early periods of civilization by the name of most significantly used 
material, e.g.: Stone Age, Bronze Age, etc. The Stone Age, people used only natural 
materials for their daily needs, like stone, clay, skins and wood. Then people found 
copper and made it harder by alloying, and thus the Bronze Age started at around 
3000 BC. The use of iron and steel, a stronger material for use in wars started at 
around 1200 BC. The next big step was the discovery of a cheap process to make 
steel around 1850, which enabled the railroads and the building of the modem 
infrastructure of the industrial world. Thus, materials science plays a pivotal role in 
determining and improving economic performance and the quality of life, 
particularly in the following areas: living environment, health, communication, 
consumer goods, transport, etc. 
1.2. MATERIAL SCIENCE 
Material science involves the preparation and characterization of materials to ensure 
that they have the properties needed for a particular application. Classes of materials 
include plastics, glasses, ceramics, metals and semiconductors. Key properties of 
materials are their mechanical behavior, electrical, magnetic, optical, thermal 
characteristics, chemical stability and other physical properties such as density and 
grain structure. 
In the past half century, the growth of material technology has been 
explosive, and its impact on our daily lives, pervasive. Beginning with the invention 
of the transistor in the 1950's came the electronics revolution, which was enabled by 
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the advances in materials, which dramatically and irreversibly changed our lives. 
The use of plastics is now so widespread that it is difficult to imagine our lives 
without them. The double edged sword inherent in the use of new technologies is 
apparent in today's concern with the disposal of non- biodegradable plastics [1-3]. 
1.2.1. Why Study Material Science and Engineering? 
• To be able to select a material for a given use based on considerations of cost 
and performance. 
• To understand the limits of materials and the change in their properties with 
use. 
• To be able to create a new material that has some desirable properties needed 
for a particular application. 
All engineering disciplines need to know about materials. Even the most 
"immaterial" things, like software or system engineering depends on the 
development of new materials, which in turn alters the economics, like software-
hardware trade-offs. Increasing applications of system engineering are used in 
materials manufacturing (industrial engineering) and complex environmental 
systems. 
1.2.2. What Makes a Material Conductive? 
In many materials, such as crystals, including liquid crystals and stretched polymers, 
the macroscopic properties such as strength, optical and electrical properties 
generally depends on direction. These materials are said to be anisotropic. Three 
simple carbon materials are diamond, graphite and polyacetylene. They may be 
regarded, respectively as three-, two- and one-dimensional forms of carbon 
materials (Fig 1.1). Diamond and graphite are modifications of pure carbon, while in 
polyacetylene one hydrogen atom is bonded to each carbon atom. Diamond contains 
only a bonds, is an insulator and its high symmetry gives it isotropic properties. 
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Graphite and acetylene both have mobile 71 electrons and on doping they show high 
anisotropic metallic conduction. The conductivity of graphite rings is about one 
million times greater in the plane than at right angles to this plane: g(parallel)/ o 
(perpendicular) = 10*^ . 
Diamond lattice Graphite lattice 
(c) 
^ 
Polyacetylene 
H 
Fig 1.1. Three-, two- and one-dimensional carbon materials: diamond (a), graphite 
crystal lattices (b) and polyacetylene chain (c). 
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Correspondingly, the conductivity of stretcii oriented polyacetylene is about 100 times 
higher in the stretch direction than perpendicular to it. The smaller anisotropy of 
polyacetylene as compared to graphite, i.e. non-vanishing a (perpendicular), could 
suggest "short-circuiting" across the chains. Since the polyacetylene chains are not 
infinite, contacts between them are important if the material is to be macroscopically 
conductive. This explains the lower conduction anisotropy of polyacetylene than 
graphite. Anisotropy is also interesting in other contexts of stretch aligned polymers: 
when the absorption of light is anisotropic the material acts as a polarizer. Also, 
mechanical strength is anisotropic: aligned polyacetylene fibers are known to be very 
strong along the orientation direction [4]. 
1.3. COMPOSITES 
The concept of fiber composites is very old as it dates back to the times of Israelites, 
800 B.C. and also Egyptian pharaohs in third B.C. who used straw in bricks 
manufacturing as reinforcement. Later on, the Chinese used to do this as well. The 
papyrus is another such example where papyrus reed was placed parallel to each 
other, then stacked on perpendicular layers and pressure was applied on it to make 
papyrus paper. In 108 AD, Chinese invented paper, in a similar fashion. In 1930's, a 
more advanced version of fiber composites came into being in United States when 
they used short glass fiber reinforcement in cement and thus fiber enforced 
composites were developed. Composites were also used in World War II when glass 
fiber and polyester resin composites were used to make boat hulls and radomes 
(radar cover). In 1950's composites entered the automobile industry when they were 
used in cars because of desirable properties such as strength and durability. The 
aerospace and ship industry also started using composites initially for some of its 
parts and later on for building the whole structure. In 1968, composites were used 
for the first time in construction when they were used to build a dome structure in 
Benghazi. Now their application in construction has enhanced manifolds [5]. The 
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first man made composites based upon polymers appeared in about 5000 B.C. in the 
Middle East where pitch was used as a binder for reeds in boat-building. With time, 
the research conducted on studying more properties and improving the 
manufacturing process of composite material has increased. Today composites are 
used more and more in everyday commodities like bath tubs, railings, electrical 
goods, sports equipments, cars, etc. The three key advances leading to the 
development of modem day composites are; 
• The commercial availability of fiberglass filaments in 1935. 
• The development of strong aramid, glass and carbon fibers in the late 
1960's and early 1970's, which are parallel to the development of resins 
dating back to 1968 (phenolics) and 1937 (epoxies). 
• The promulgation of analytical methods for structures made from these 
fibers. 
Composite materials take advantage of the different strengths and abilities of 
different materials fi-om which they are made of In the case of mud and straw bricks 
for example, mud is an excellent binding material, but it cannot stand up to 
compression and force. Straw, on the other hand, is well able to withstand 
compression without crumbling or breaking, so it serves to reinforce the binding 
action of the mud. Thus, humans have been creating composite materials to build 
stronger and lighter objects for the past thousands of years [6-8]. 
The majority of composite materials use two constituents: a binder or matrix 
and a reinforcement or filler. The reinforcement is stronger and stiffer^  forming a 
sort of backbone, while the matrix keeps the reinforcement in a set place. The binder 
also protects the reinforcement, which may be brittle or breakable, as in the case of 
long glass fibers used in conjunction with plastics to make fiberglass. Generally, 
composite materials have excellent compressibility combined with good tensile 
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Strength, making them versatile in a wide range of situations. In our research part, 
we are going to discuss about polymer composites. Obviously, we mean composites 
made from polymers, or from polymers along with other kinds of materials. But 
specifically we are going to deal with conducting polymer based composite. 
1.3.1. Classification of Composites 
Composite material is composed of two or more distinct phases (matrix phase and 
dispersed phase) and has bulk properties significantly different from those of any of 
the constituents (Fig 1.2) [6]. 
1.3.1.1. Matrix phase 
The primary phase, having a continuous character is called as matrix. Matrix is 
usually more ductile and less hard phase. It holds the dispersed phase and shares 
load with it. 
1.3.1.2. Dispersed (reinforcing) phase 
The second phase (or phases) is embedded in the matrix in a discontinuous form. 
This secondary phase is called as dispersed phase. Dispersed phase is usually 
stronger than the matrix, therefore it is sometimes called reinforcing phase. Many of 
the common materials (metal alloys, doped ceramics and polymers mixed with 
additives) also have a small amount of dispersed phases in their structures, however 
they are not considered as composite materials since their properties are similar to 
those of their base constituents (physical properties of steel are similar to those of 
pure iron). There are two classification systems of composite materials, one of them 
is based on the matrix material (metal, ceramic and polymer) and the other is based 
on the material structure. 
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Reinforcement 
• Composite materials are normaly 
comprised oftwo components 
•The main part of the composite is 
l^ nown as the matrix 
•Inside the matrix is a reinforcing 
phase 
Composite materials can be divided into three main groups 
^ • • 
• • 
•• I 
Particle reinforced Whisker (discontinuous fiber) Continuous fiber reinforced 
reinforced 
Fig 1.2. Outline diagram of composite components (matrix and reinforced). 
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1.3.2. Classification of Composites (Based on Matrix Material) 
1.3.2.1. Metal matrix composites (MMC) 
Metal Matrix Composites are composed of a metallic matrix (aluminium, 
magnesium, iron, cobalt, copper, etc.) and a dispersed ceramic (oxides, carbides) or 
metallic (lead, tungsten, molybdenum, etc.) phase [9]. 
1.3.2.2. Ceramic matrix composites (CMC) 
Ceramic Matrix Composites are composed of a ceramic matrix and embedded fibers 
of other ceramic material (dispersed phase) [10]. 
1.3.2.3. Polymer matrix composites (PMC) 
Polymer Matrix Composites are composed of a matrix from thermoset [Unsaturated 
Polyester (UP), Epoxy (EP)] or thermoplastic [Polycarbonate (PC), 
Polyvinylchloride (PVC), Nylon, Polystyrene(PS)] and embedded glass, carbon, 
steel or Kevlar fibers (dispersed phase) [11]. 
1.3.3. Classification of Composites (Basedl on Reinforcing Material) 
1.3.3.1. Particulate composites 
Particulate Composites consist of a matrix reinforced by a dispersed phase in the 
form of particles [12,13]. These can be further classified into two: 
a) Composites with random orientation of particles. 
b) Composites with preferred orientation of particles. Dispersed phase of 
these materials consists of two-dimensional flat platelets (flakes) which are 
laid parallel to each other. 
Chapter-1 (Introduction) 
Mohd. Khalid, Ph.D. Thesis 
1.3.3.2. Fibrous composites 
Fibrous composites can be either short fiber reinforced composite or long fiber 
reinforced composite: 
a) Short-fiber reinforced composites 
Short-fiber reinforced composites consist of a matrix reinforced by a 
dispersed phase in the form of discontinuous fibers (length < 100 times 
the diameter) [14]. These are of two types: 
• Composites with random orientation of fibers. 
• Composites with preferred orientation of fibers. 
b) Long-fiber reinforced composites 
Long-fiber reinforced composites consist of a matrix reinforced by a 
dispersed phase in form of continuous fibers (length >100 times the 
diameter). These are of two types: 
• Unidirectional orientation of fibers. 
• Bidirectional orientation of fibers (woven). 
1.4. METAL MATRIX COMPOSITES 
Polymer composites can't bear very high temperature; they are normally used upto 
180 °C, but rarely find use beyond 350 °C. The polymer matrix composite with 
inorganic reinforcements can't be used at very high temperature because polymer 
can undergo degradation at that temperature. Metal matrices, on the other hand can 
widen the scope of using composites over a wide range of temperatures and they 
also allow tailoring of several useful properties that are not achievable in 
conventional metallic alloys. High specific strength and stiffness, low thermal 
expansion, good thermal stability and improved wear resistance are some of the 
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positive features of metal matrix composites. The metal composites also provide 
better transverse properties and higher toughness compared to polymer composites. 
Table 1.1 provides the list of some metal matrices and associated reinforcing 
materials. The reinforcements can be in the form of particulates, short fibers or 
continuous fibers. Cements constitute an important group of metal matrix 
composites in which ceramic grains of size greater than 1 micron are dispersed in 
the refractory metal matrix. A typical example is the titanium carbide cements which 
comprises of 70% TiC particles and 30% nickel matrix, exhibits high specific 
strength and stiffness at very high temperatures. The composites with aluminum 
matrices are relatively lightweight, but their applications are limited to the lower 
temperature range because of their low melting point. Titanium and nickel can be 
used at temperatures in the range of 1000-1100 °C and can be used in engine 
components which are exposed to high level of temperature. Ti-6AL^V is the 
commonly used titanium matrix material for such applications. The other alloys of 
titanium include A-40Ti, A-70Ti, etc. Nickel matrices are comprised of a series of 
Ni-Cr-W-Al-Ti alloys. Super alloys like NiCrAlY and FeCrAlY, are also used as 
matrices because of their high oxidation resistance properties. Molybdenum is 
another high temperature matrix and fiber material. Iron and steel matrices are 
cheaper and can be used at high temperatures. 
The high temperature applications of metal matrix composites are listed in 
Table 1.2. The material cost is the major problem that currently limits their uses, 
otherwise most of the metallic structural parts can be replaced with metal matrix 
composite parts to gain advantages [15-22]. 
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Table 1.1. Metal matrices and reinforcements 
Matrix Reinforcements 
Aluminium and alloys 
Titanium and alloys 
Nickel and alloys 
Magnesium and alloys 
Molybdenum and alloys 
Iron and Steel 
Copper and alloys 
C, Be, Si02, B, SiC, AI2O3, 
Steel, B4C, AbNi, Mo, W, Zr02 
B, SiC, Mo, Si02.Be,Zr02 
C, Be, AbOs.SiC, Si3N4, steel, 
W, Mo, B 
C, B, glass, AI2O3 
B,Zr02 
Fe, Steel, B, AbOs.-W, Si02, 
Zr02 
C,B, AI2O3, E-glass 
Table 1.2. High temperature application of composites 
Composites Applications 
MMCs 
CMCs 
Aeroengine blades, combustion chamber, 
thrust chamber, nozzle throat, exit nozzle, 
engine valves, fins. 
Re-entry thermal shields and tiles, nozzle 
throat, nozzle linings, pump seal rings, brake 
linings. Extrusion dies, valves, 
turbochargers, turbine blades, cutting tools 
Carbon-Carbon Nose cones of re-entry vehicles, combustion 
and thrust chambers, nozzle throats, exit 
nozzles, leading edges of re-entry structures, 
brake disk. 
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1.5. CERAMIC MATRIX COMPOSITES 
Ceramic provides strength at high temperatures well above 1500 "C and have 
considerable oxidation resistance. They possess several desirable properties such as 
high elastic modulus, high PeierPs yield stress, low thermal expansion, low thermal 
conductivity, high melting point, good chemical and weather resistance as well as 
excellent electromagnetic transparency. However, the major drawback of ceramics 
is that they exhibit limited plasticity. This low strain capability of ceramics is of a 
major concern, as it quite often leads to catastrophic failure, for this reason ceramics 
are not considered as dependable structural materials. Such limitations do not exist 
with ceramic matrix composites, as suitable reinforcements may help them to 
achieve desirable mechanical properties including toughness. The ceramic matrices 
are usually glass, glass ceramics (lithium aluminosilicates), carbides (SiC), nitrides 
(SiN4_ BN), oxides (AI2O3, ZrjOa, Cr203, Y2O3, CaO, Th02) and borides (ZrBj, 
TiB2). The reinforcements which are normally high temperature inorganic materials 
including ceramics, may be in the form of particles, flakes, whiskers and fibers. The 
commonly used fibers are carbon, silicon carbide, silica and alumina. The current 
resurgence in the research and development of ceramic matrix composites is because 
of their resistance to wear and tear; it can sustain low and high cycle fatigue, has 
good corrosion resistant properties and possesses high specific strength at higher 
temperatures. The use of ceramic composites in aero-engine and automotive engine 
components reduces the weight and thereby enhances the engine performance with 
higher thrust to weight ratios due to high specific strength at high temperatures. 
Several high temperature applications of ceramic matrix composites are presented in 
Table 1.2. 
Carbon-carbon composites are the most important class of ceramic matrix 
composites which can withstand temperatures as high as 3000 °C. They consist of 
carbon fibers distributed in a carbon matrix and are prepared by pyrolysis of 
polymer impregnated carbon fiber fabrics and performs under pressure or by 
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chemical vapor deposition of carbon or graphite. The polymers used are of three 
types: thermosets (fiirfiirals, phenolics), thermoplastic pitches (based on coal tar and 
petroleum) and carbon-rich vapors (hydrocarbons such as methane, propane, 
acetylene, benzene). Phenolic resins are more commonly used in the manufacturing 
process of carbon-carbon composites. The phenolic resin impregnated carbon fiber 
preforms on pyrolysis converts the phenolic resin to a high proportion of amorphous 
carbon char. The composite material is found to be porous after the first pyrolysis. It 
is further impregnated with the phenolic resin and pyrolised usually under vacuum 
and pressure, the process is repeated several times to reduce the void content and 
realize the optimum density of the material. The major advantage of carbon-carbon 
composite is that various fabrics and shapes of performs with multidirectional fiber 
alignments can be impregnated with resins and pyrolised to yield a wide class of one 
directional, two directional, three directional and multidirectional composite blocks 
of various shapes and sizes, which can be tailored to produce the desired 
dimensions. Excellent wear resistance, higher coefficient of friction with rise in 
temperature, high thermal conductivity, low coefficient of thermal expansion and 
high temperature resistance makes them usefiil materials in high temperature 
applications. In the absence of oxygen, carbon-carbon composites can withstand 
very high temperatures (3000 "C or more) for prolonged periods. They are also used 
in prosthetics due to excellent biocompatibility [23-31]. 
1.6. POLYMER MATRIX COMPOSITES 
Polymers (also known as plastics or resins) are far more popular than other two 
matrix materials, namely, metals and ceramics. Almost all inorganic and organic 
reinforcements can be used with polymers to produce a wide range of reinforced 
plastics or polymer composites. Polymers are particularly attractive due to a variety 
of reasons: the densities of polymers are usually very low, they are easily 
processable, etc. The processing and curing temperature are normally in the lower 
range, and in some cases, the ambient temperature will suffice. This brings down the 
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manufacturing cost substantially due to a low energy input. Further, polymers 
constitute a wide class of organic materials, each having a distinct characteristic 
feature. This makes them all the more attractive from the point of view of 
developing composites having different properties. Both thermoplastics and 
thermosets are employed in making reinforced plastics. Polyethylene, polystyrene, 
poly amides, nylon, polycarbonates, polysulfones, etc. are common thermoplastics 
whereas thermosets are epoxy, phenolic, polyester, silicone, bismaleimide, 
polyimide, polybenzimidazole, etc. Polymer Matrix Composite (PMC) is the 
material consisting of a polymer (resin) matrix combined with a fibrous reinforcing 
dispersed phase. PMC are very popular due to their low cost and simple fabrication 
methods. Use of non-reinforced polymers as structure materials is limited by low 
level of their mechanical properties: tensile strength of one of the strongest polymers 
- epoxy resin is 20000 psi (140 MPa). In addition to relatively low strength, 
polymer materials possess low impact resistance. Reinforcement of polymers by 
strong fibrous network permits fabrication of PMC characterized by the following 
properties: 
High tensile strength; 
High stiffness; 
High fracture toughness; 
Good abrasion resistance; 
Good puncture resistance; 
Good corrosion resistance; 
Low cost. 
The main disadvantages of PMC are: 
• Low thermal resistance; 
• High coefficient of thermal expansion. 
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Two types of polymers are used as matrix materials for fabrication of composites: 
thermosets (epoxies, phenolics) and thermoplastics [Low density polyethylene 
(LDPE), High density polyethylene (HDPE), polypropylene, nylon, acrylics]. 
According to the reinforcement material the following groups of PMC are used: 
• Fiberglasses - Glass fiber reinforced polymers; 
• Carbon fiber reinforced polymer composites; 
• Kevlar (aramid) fiber reinforced polymers. 
Reinforcing fibers may be arranged in different forms: 
• Unidirectional fibers; 
• Ravings; 
• Veil mat: thin pile of randomly orientated and looped continuous fibers; 
• Chopped strands: thin pile of randomly orientated and looped short ( 3 ^ 
inches) fibers; 
• Woven fabric. 
Properties of PMC are determined by: 
• Properties of the fibers; 
• Orientation of the fibers; 
• Concentration of the fibers; 
• Properties of the matrix. 
Polymer Matrix Composites (PMC) are used for manufacturing: secondary load-
bearing aerospace structures, boat bodies, canoes, kayaks, automotive parts, radio 
controlled vehicles, sport goods (golf clubs, tennis racquets, fishing rods), bullet-
proof vests, brakes and clutch linings [32-37]. 
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1.7. POLYMERS 
The words polymer is derived jfrom two Greek words, 'poly' which means many and 
'mer' which means part. So a polymer may be defined as long chain molecule 
produced by repeated joining of small units. In some cases, the repetition is linear 
while in others it may be branched or cross-linked [38-42]. The smaller structural 
units are called monomers and they are covalently bonded together in any 
conceivable pattern. In certain cases, it is more accurate to call the structural or 
repeat unit, a monomer residue because some atoms may be eliminated from simple 
monomeric unit during polymerization process. 
The essential requirement for a small molecule to qualify to be a monomer or 
"building block" is the possession of two or more bonding sites, through which each 
can be linked to other monomers to form the polymeric chain. The number of 
bonding sites is referred to as i}a& functionality of the monomers. Monomer such as 
hydroxy carboxylic acid (HO—R—COOH) molecules, have two reactive sites i.e. 
the hydroxyl and carboxylic groups, through which they form a linear polymer. The 
polymerization reaction in this case involves a series of simple organic reactions 
similar to: 
R-OH + R'-COOH =F:^ R ' - C O O - R + HJO (1) 
The presence of double bond makes the vinyl compound bifunctional which 
on activation by some fi-ee radical or ion leads to the formation of polymer: 
CH2=CHC1 + R ^ — • RCH2-CHC1-CH2-CHC1-CH2-CHC1~ (2) 
Bifunctional monomers form linear polymers, while the polyfunctional 
monomers having three or more bonding sites such as glycerol {CH2(0H)-
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CH(0H)-CH2(0H)}, produce branched or cross-linked polymers that contain 
three-dimensional network of both branches and cross-links [41]. When only one 
type of monomer is used to produce a polymer, the product is called a homopolymer. 
If the chain is composed of two types of monomers, material is known as a 
copolymer, and if three different monomers are incorporated in one chain, a 
terpolymer results. Copolymers prepared from bifunctional monomers can be 
subdivided further into four main categories [41]: 
(a) Statistical copolymers where the distribution of two monomer residues in the 
chain is essentially random but influenced by the individual monomer 
reactivities. 
- ABAABABBBABAABABBABAAAB ~ 
(b) Alternating copolymers where one monomer alternates with the other 
throughout the chain. 
~ ABABABABABABABABABABABAB ~ 
(c) Block copolymers comprises of substantial sequences or blocks of each 
monomer 
~ AAAAAAAAAABBBBBBBBAAAAAAAAAA ~ 
(d) Graft copolymers in which blocks of one monomer are grafted on to the 
backbone of the other as branches. 
B 
B 
B 
B 
AA/ 
B 
B 
B 
B 
B 
B 
B 
B 
^AAA 
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1.7.1. Nylon 
The birth of nylon was an epoch^naking event in the human history. Coming to the 
world after aluminum, the last arrival (1886) in the metallic age, nylon was the first fully 
artificial polymeric material that opened the plastic age. Nylons are aliphatic 
polyamides, structurally they are linear and are thermoplastic in nature. The polymeric 
chains have polar -CONH- groups spaced by methylene links of various lengths, 
depending on the type of nylon. The presence of polar groups in nylons creates 
greater inter-chain interaction, which leads to higher melting point of polymers. 
Nylons are good insulators at high and low frequencies, but they cannot be used as 
insulators under humid conditions, as they absorb water. Both Nylon-6 and Nylon-
6,6 (Fig 1.3) have almost similar structure and properties. 
-N H C O ( C H 2)5 
n 
CO—(CH2)4-CONH—(CH2)6—N-
n 
Fig 1.3. Chemical structure of Nylon-6 and Nylon-6,6 
Nylon-6,6 has a melting point of 250°C. It also has good tensile strength, 
abrasion resistance and regains toughness up to 150°C. It is generally unaffected by 
dry-cleaning fluids, has excellent stability against alkalis and is resistant to many 
solvents; however formic acid, cresols and phenols dissolve this polymer. Nylon-6,6 is 
used for making gears, cams, tyre cords, ropes, monofilaments, dry bearings, dry 
pumps, guide bushes etc. Moldings made of sterilized grade Nylon-6,6 are used in 
pharmacy and medicine. It is also used for packaging foodstuffs, hydrogenated 
vegetable oils, etc. Fiberglass reinforced Nylon-6,6 is used in manufacturing of car 
components and also finds use in different military and electrical appliances [38,41]. 
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\.12. Polyacrylonitrile (PAN) 
Acrylonitrile, (CH2=CHCN) was first synthesized in 1893 by Mouren [37], who also 
was the first (one year later) to report the acrylonitrile polymer i.e. polyacrylonitrile 
(PAN) (Fig 1.4). The first synthesis of acrylonitrile was based on the dehydration of 1-
cyanoethanol (ethylene cyanohydrin or acrylamide). The early industrial process for 
acrylonitrile production also used ethylene cyanohydrin as starting material, but smce 
1960 practically the entire acrylonitrile production has been based on catalytic 
ammonoxidation of propylene [41]. 
-CH2—CH (CN> 
—' n 
Fig 1.4. Chemical structure of polyacrylonitrile (PAN). 
Polymerization is usually carried out in aqueous solution in the presence of 
redox initiators. The polymer precipitates out fi"om the system as fine powder. PAN 
softens only slightly below its decomposition temperature and is soluble in DMF, THF, 
DMSO, acetone etc. It is resistance upto 220°C and exhibits good mechanical 
properties. It is available as films, sheets and rods [39,40]. 
1.73. Polyethyleneterephthalate (PET) 
Polyesters may be defined as heterochain macromolecules containing repeating ester 
group (—COO—) in the backbone. Natural polyester was first observed over 160 years 
ago, first applied in the form of synthetic glyceryl-phthalate and was used to impregnate 
and coat materials during World War-I. The chemistry of polyesters developed much 
later as a result of extended studies by Kienle and Carothers when the fundamental 
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theory of polycondensation process was established. These polyesters are prepared by 
polycondensation reaction between a dicarboxylic acid and a diol (Fig 1.5) [41 ]. 
—OOC—{r~3)—COO(CH2)2- -
- ^ —'n 
Fig 1.5. Chemical structure of polyethyleneterephthalate (PET). 
The fiber and film forming ability of poly(ethyleneterephthalate) was revealed by 
Whinfield and Dickson and since then this polymer is one of the most important 
industrial thermoplastic polyester [39]. The starting materials for PET are ethylene 
glycol and terephthalic acid, but commercially, dimethylterephthalate is taken in the 
place of terephthalic acid. PET can resist heat upto 265°C, after which it starts melting. 
It has a good moisture resistant ability and is virtually unattacked by many chemicals. It 
is extensively used to make textile fibers. It retains good mechanical properties upto 
175°C. Tensile strength of PET film is about 25,000 psi, two to three times that of 
cellophane or cellulose acetate film. Because of its toughness, it finds use in many 
typical applications such as magnetic recording tapes. The major new application of 
PET for the last few years has been in the development of blow bottles [38,41]. 
1.8. CONDUCTING POLYMERS 
The Royal Swedish Academy of Science awarded the Nobel Prize in Chemistry for 
the year 2000 to three scientists who have revolutionized the development of 
electrically conducting polymers. Professor Alan J. Heeger of the University of 
California at Santa Barbara (USA), Professor Alan G. MacDiarmid of the University 
of Peimsylvania (USA) and Professor Hideki Shirakawa of the University of 
Tsukuba (Japan) were rewarded "for the discovery and development of Electrically 
Conducting Polymers" [4]. 
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"Conducting polymers are macromolecules having the fully conjugated sequence of 
bond along the chain backbone, which acquires a positive or negative charge by 
oxidation or reduction process ". 
Some idea of the conductivities (a) of the materials is given in Fig 1.6 where 
a varies from 10"'* Scm"' for a good polymeric insulator (polytetrafluoroethylene) 
to -10^ Scm"' for a metallic conductor (copper) [42]. The polymers to which we are 
more familiar are plastics, and in certain sense their behavior is somewhat opposite 
of metals, as they do not conduct electricity and hence behave as insulators. 
Previously, electric wires were coated with polymers to protect them - and us -
from short circuits [42]. Alan J. Heeger, Alan G. MacDiarmid and Hideki 
Shirakawa have changed this view with their discovery, that a polymer, 
polyacetylene can be made conductive almost like a metal. Polyacetylene was 
known as a black powder when it was prepared in 1974 as a silvery film by 
Shirakawa and his co-workers fi-om acetylene, using Ziegler-Natta catalyst. Inspite 
of its metallic appearance, it was not a conductor. In 1977, however, Shirakawa, 
MacDiarmid and Heeger discovered that oxidation with chlorine, bromine or iodine 
made polyacetylene films 10^ times more conductive than they were originally [43]. 
The 1977 paper of Shirakawa et al. [4] on polyacetylene was seminal to the 
development of contemporary studies on intrinsically conducting polymers (ICPs). 
Since then, the interest in ICPs has developed through three stages: (1) an initial 
interest motivated by their unique properties and practical possibilities; (2) a decline 
in interest owing to difficulties in processing and poor mechanical properties; (3) 
renewed interest following the discovery of solution and melt processibility of PANI 
in the early 1990s [44-46]. Although a variety of ICPs have been synthesized and 
investigated but polyaniline, polypyrrole, polythiophene and their derivatives are 
most often considered, due to a good combination of properties such as stability, low 
price, ease of synthesis, treatment, etc. Molecular structures of some conducting 
polymer are given in Fig 1.7 [47]. 
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Fig 1.6. Electrical conductivities (Scm ') of polymers and some other 
important materials [42]. 
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Fig 1.7. Molecular structures of some conjugated polymers. Note the conjugated 
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1.8.1. Poly aniline 
Among all conducting polymers, polyaniline (PANI) has a special representation, 
due to its unique properties, such as: low cost of monomers, ease of synthesis, high 
stability and can be easily polymerized in labs either by chemical or electrochemical 
route. Polyaniline, also known as aniline black', was first prepared in 1834 and has 
been the subject of intensive research ever since [48,49]. In the 1980s, the 
conducting properties of polyaniline were recognized and the number of papers 
dealing with this conducting polymer grew rapidly. Polyaniline can be made 
conductive by doping it with acids. The dedoped form of polyaniline is a very poor 
conductor (because of high electrical resistance). The polymerization reaction of 
aniline to polyaniline is shown in Fig 1.8. 
NH, 
1 1)(NH4)2S208.H* 
§ Oxidant 
© 
I 
H 
]>edoptng 
+ NH,-H,0 
Doping 
+ HX 
Ememldine salt 
I H 
Emeraldine base 
Fig 1.8. Oxidative polymerization of aniline to polyaniline. 
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One advantage of polyaniline is that it can be made highly electrically conductive 
(low resistance) by doping. Doping is the act of adding a small amount of impurity 
(the dopant) to a material to alter its properties [50,51]. The resistivity of polyaniline 
depends on the degree of protonation. A large change in resistivity can be obtained 
by exposing the dedoped form to an acid. This converts the imine (nitrogen with a 
double bond) sites to iminium (an imine with a positive charge) sites. X~ is the 
conjugate base of the acid used to dope polyaniline. This process is fully reversible 
as doping and dedoping can be repeatedly performed by exposing polyaniline to 
acid and base, respectively [52-54]. The change in resistance from the dedoped to 
the doped form is easily measured electronically, making polyaniline an excellent 
sensor for acids and bases. Traditionally, polyaniline can be prepared on a large 
scale, films can be made by dissolving in an appropriate solvent and casting it on 
substrate by solution casting technique. 
In rest of the thesis, the polyaniline would be referred to as PANI. Several 
factors like a straightforward synthesis, high environmental stability and a 
reversible, non-redox doping by protonic acids make PANI an attractive system to 
study. 
The properties of polyaniline are unique when compared to other conjugated 
polymers. 
• If we take a close look at the structure of different conjugated 
polymers shown in Fig 1.7, an underlying backbone of 
polyacetylene (PA), with alternating single and double bonded C 
atoms can be identified. Even the ones with a heteroatom, like N 
(in PPy) and S (in PTh), are actually analogues of PA, with 
pendant groups containing the heteroatom. PANI is however, an 
exception, where the N atom is a part of the conjugated path. This 
can have significant influence on the nature of the quasi-particles 
which are responsible for charge transport. 
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• The presence of a heteroatom in the conjugated path also provides 
a way to dope PANI through non-redox routes. The doping can be 
carried out by reacting PANI with an acid that pulls out the lone-
pair of electrons from the double-bonded imine N atoms and 
thereby creating vacancies in the 7r-electron cloud. This is 
fundamentally different from the analogues of PA, where the 
doping cannot be associated with a particular atomic site. 
• Proton-doping causes significant reorganization of the geometry. 
Apart from the changes in bond lengths, the six membered rings 
also rotate to a more planar configuration, thereby increasing the 
wave function overlap to make the electron state more delocalized. 
Dedoped PANI is an insulator with a 3.8 eV band gap, on doping, 
the conductivity changes by 10-12 orders of magnitude. There are 
several debatable issues pertaining to the nature of the charge 
carriers, dimensionality of the conducting state and the effect of 
disorder on the charge transport in doped PANI. Over the years, a 
great deal of experimental and theoretical endeavor has been put 
to understand these fundamental issues. A lot of questions are still 
lying unanswered. We will take a brief look at some of these 
issues in subsequence. 
1.8.1.2. Mechanism of polymerization of aniline to PANI 
The chemical oxidative polymerization of aniline to conductive PANI proceeds 
through the formation of a radical cation initiated by the chemical oxidant, its 
mechanism was reported by Genies et al. [55] as shown in Fig 1.9. 
1.8.1.3. Properties of PANI 
PANI can occur in a number of well-defined different oxidation states [56], each 
has its own name as originally attributed by Green and Woodhead (Fig 1.10) [57]. 
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Fig 1.9. Mechanism of polymerization of aniline 
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Fig 1.10. Different oxidation states of polyaniline. 
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The different states range from the fully reduced leucoemeraldine via 
protoemeraldine, emeraldine and nigraniline to the fully oxidized pemigraniline. 
Unlike in other polyaromatics, the fully oxidized state in poly aniline is not 
conducting, as a matter of fact none of the above-described states are conducting. 
Polyaniline becomes conducting when the moderately oxidized states, in particular 
the emeraldine base is protonated and charge carriers are generated. This process, is 
generally called as protonic acid doping' [49], which makes polyaniline so unique, 
as no electrons have to be added or removed from the insulating material to make it 
conducting. The different oxidation states of polyaniline can also be generated by 
doping with oxidants such as iodine, but the resulting conductivity is lower than that 
obtained via protonic acid doping [58-60]. The conduction mechanism is believed 
to involve polaronic carriers i.e. the protonated emeraldine (Fig 1.11) which consists 
of a delocalized poly(semiquinone radical cation). 
"-fc>-"0-^"i:fcVi CI ' '0.5 
Fig 1.11. Chemical structure of emeraldine salt. 
The conductivity is affected by the water content as completely dry samples 
are five times less conductive than samples containing some water [61]. The 
emeraldine base is soluble in N-methyl-pyrrolidone [62], but protonated polyaniline 
is insoluble in organic solvents and only soluble in aqueous acids. Substitution of 
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aniline monomer with alkyl or alkoxy groups improves the solubility in organic 
solvents but has a negative influence on the conductivity [63-65]. The position of 
the substituent also has an influence on the polymerization. The ortho- and meta-
isomers give the same polymer, but the reactivity of the meta- isomer is 
considerably lower, resulting in a lower yield. Self-doped polyaniline, containing 
sulfonic acid substituents, has been synthesized by sulfonation of the emeraldine 
base [66]. Although no data is available concerning the health risks of polyaniline, 
the possible presence of benzidine moieties, which are well-known carcinogens, 
suggests careful handling of both, aniline and its polymers. 
1.8.2. Doping in Conjugated Polymers 
For a polymer to be conducting it must have a conjugated backbone for easy 
movement of charge carriers. However, the conjugated polymers do not contain any 
intrinsic charge-carriers; charge-carriers have to be provided extrinsically, typically 
by a charge transfer process, generally known as 'doping'. 
Polymers have the electronic profiles of either insulator or semiconductors; 
thus the band gap in a fully saturated chain such as polyethylene is 5 eV and 
decreases to about 1.5 eV in the fully conjugated system of polyacetylene, their 
respective intrinsic conductivities are 10"'^ Scm~' and ~ 10"^  Scm~', which is very 
low. Conjugated polymers can be made conductive either by oxidizing or reducing it 
with a suitable reagent. The band theory model explains the increased conductivity 
as either removal of electrons from the valence band by the oxidizing agent, leaving 
it with a positive charge, or donation of an electron to the empty conduction band by 
a reducing agent. These processes are called p-type doping and n-type doping 
respectively. This explanation is an over-simplification, as the conductivity in 
polymers is associated with charge carriers that do not have free spins, rather than 
the expected unpaired electrons detected in metals, so a modified model must be 
developed. 
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While the addition of a donor or acceptor molecule to a conjugated polymer 
is called "doping", the reaction, which takes place, is actually a redox reaction and is 
different from the doping of Si or Ge in semiconductor technology where there is 
substitution of atoms in the lattice. The terminology in common use will be retained 
here also but it should be remembered that the doping of conducting polymers 
involve the formation of a polymer salt and this can be effected either by exposing 
the polymer to the dopant in solution or gaseous form or by electrochemical 
methods. The reaction can be represented in the generalized case for oxidation by: 
Oxidation 
P ^ P : X V A " p-type (3) 
X^A" 
where P represent a section of polymer chain. The first step is the formation 
of a cation (or anion) radical, which is called a soliton or a polaron, the distinction 
between them will be explained later. This step may then be followed by a second 
electron transfer with the formation of dication (or dianion) known as bipolaron. 
Alternatively, after the first redox reaction, charge transfer complexes may form 
between charged and neutral segments of the polymer. 
Reduction 
X"A-
P:A7X* n-type (4) 
The general principles can best be illustrated by examining specific examples, in 
particular polyacetylene, which has been studied extensively. The reactions between 
conjugated polymers and oxidants (p-type doping by an acceptor) or reductants (n-
type doping by a donor) have been observed to cause a dramatic increase in 
electrical conductivity as evident from Table 1.3. Doping is a multi-stage process, 
involving electron removal from polymer chain leading to the generation of charge 
carriers. The charge-carriers in the form of radical cations (p-type) or radical anions 
(n-type) are thus produced on the polymer chains, which are called polarons (with 
spin) and bipolarons/solitons (spinless). 
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Table 1.3. Structures and conductivity of doped conjugated polymers [42]. 
Polythiophene 
Polymer Structure 
Polyacetylene 
Polyphenylene 
Poly(phenylene f 
sulphide) 
Polypyrrole 
-
{o 
•Ot 
ir\\ 
n 
n 
n 
Typical method 
of doping 
Electrochemical, 
Chemical 
(AsFs, I2, Li, K) 
Chemical 
(AsFs, Li, K) 
Chemical 
(AsFs) 
Electrochemical 
Typical 
conductivity 
(Scm"') 
500-1.5x10^ 
500 
1 
600 
L ' N ^ n 
I fr\ I Electrochemical 100 
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As mentioned earlier, when doped with protonic acids, the imine N in PANI gets 
protonated. This is because of the higher basicity of the imine N as compared to the 
amine N. One of earlier surprises associated with PANI was the fact that h can be 
doped by protons, which doesn't change the 7c-electron count of the system. 
However, this mystery is now resolved by a very popular two-step model, for 
example, in case of polyphenylene and polyaniline [67]. The effect of dopant 
concentration on number of spins and electrical conductivity is shown in Fig 1.12 
and Fig 1.13. As per this model, the initial protonation of the two imine N gives rise 
to a doubly charged bipolaron, the bipolaronic structure then spontaneously 
dissociates to give two polarons (radical cations). In the second step, the polarons 
separate to yield a polaron lattice. It is interesting to note that the unit cell is halved 
at the end of the second step. The polaron lattice resembles the fully reduced 
leucoemeraldine form of polyaniline (x =1), but for the alternate amine N atoms that 
are robbed of an electron. Similarly, the bipolaronic structure is formed by oxidative 
doping of the adjacent N atoms, which is followed by coupling of lone electron on N 
to form an extra bond. Thus, oxidative doping of the leucoemeraldine base does 
provide a viable route to the synthesis of conducting PANI [68]. The polarons and 
bipoljirons are mobile and under the influence of electric field, can move along the 
polymer chain, from one chain to another and from one granule to another. At 
higher temperature, softening process alters the macroscopic and microscopic 
properties of PANI. Some of the common used oxidants (p-type dopant) are HCIO4, 
FeCls, ASF5, I2, NH4BF4, SO3CF3, HCl, HNO3, H2SO4, H3PO4 etc. whereas 
reductants (n-type dopants) may include Li, K, Na etc. A general equation for 
doping of a conjugated polymer may be given by the following chemical reaction 
[42,69]. 
P + 2FeCl3 -^ P^: FeCU" + FeClj (5) 
P + Na ->P~:Na^ (6) 
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An unstable diradicsl with spin and without charge. 
\ / \ / 
A stable polaron 'p-type' with spin charge. 
Electron Acceptor 
A stable bipolaron 'p-t3rpe' with charge andvinthout spin. 
©/ 
Electron Acceptor 
\® 
A stable polaron 'n-t3?pe' witii spin and charge. 
Electron Donor 
A stable bi polaron 'n-lype' with charge and without spin. 
^ \ = < \e 
Electron Donor 
Fig 1.12(a). A schematic diagram of evolution of charge-carriers in the form of 
polarons and bipolarons in polyphenylene [67]. 
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N 
H 
N 
H 
Internal redox reaction 
H CI 
N' 
H CI 
H CI 
Bipolaron 
Polaron 
Fig 1.12(b). The two step model that describes the disproportionation of a bipolaron 
to a pair of polarons in proton doped PANI [68]. 
Chapter-1 (Introduction) 36 
Mohd. Khalid, Ph.D. Thesis 
' c 
i _ 
^^ 
.> 
o 
u 
• o 
c: 
o O 
75 o 
'u. 
••->» O 
LU 
Fig 1.13. A schematic diagram of the effect of dopant concentration on number of 
spins and electrical conductivity [67]. 
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1.8.3. De-doping 
Another important aspect of doping is its reversal, called de-doping or 
compensation or electrical neutralization of a doped polymer in which, for example, 
a p-type doped polymer reacts with some reducing agents and regains its insulating 
state. The de-doping agent, diffuses into polymer matrix and neutralizes the charge 
of the system by a charge-transfer reaction. This process may involve chemical 
reactions between the de-doping agent and carboniimi ion or/and dopant leading to 
the neutralization by charge-transfer. 
The generally used dedoping agents for p-type doped conjugated polymers are 
ammonia, water, hydrazine, etc. and the chemical reaction for the process may be 
given by the following equations [67]. 
8 N H 3 ^ 6 N H / + 6 e " + N2 (7) 
6H20->4H30^ + 4e"+02 (8) 
P V e " - ^ P (9) 
De-doping may also be effected by thermal treatment as observed in case of 
PANI, chemical degradation mechanisms of PANI-HCl and PANI-CSA aged under 
air is reproduced from Rannou et al (Fig 1.14 and Fig 1.15) [70]. Kinetics of 
dedoping may be studied by several methods, i.e. electrical conductivity 
measurements. X-ray diffraction, optical spectroscopy etc. which may be 
interpreted into the depletion of the extent of doping [67]. 
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H 
H 
CI 
+• 
H 
H 
+• 
ci 
+ 2n HCI 
+ 2nH20 
Fig 1.14. Dedoping process in PANI-HCl [70] 
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SO3H SO3H 
N 
HsC-
+ 2n 
G^^^O 
H3C 
+ 2n 
+ 2n H2O 
H3C-
Fig 1.15. Dedoping process in PANI-CSA [70] 
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1.8.4. Diffusion 
Mirebeau [71] produced conductive polypyrrole films on stainless steel electrodes in 
an electrochemical cell containing propylene carbonate and lithium tetrafluoroborate 
(LiBF4). He measured the diffusion coefficient of C104~ in as-prepared PPy-C104 
for undoping and doping by potentiostatic method in the temperature range of 240 to 
320 K. A diffusion coefficient of 5.0 xlO~'^  cm^s"' was estimated at 298 K. 
Mirebeau also estimated the activation energy of diffusion to be 30 kJmor' (0.31 
eV) from the Arrhenius plot which can be approximately expressed by the equation, 
D = 6.8xl0-^exp(^^'^^'^^l 
Gennies et al. [72] have shown that the apparent diffusion coefficient into 
and out of PPy-C104 to be a function of sah (LiC104) concentration in the 
electrolyte. The electrochemical oxidation and reduction follows the Nerstian 
relation and a value of 6.0x10"'° cm^s'' has been reported for apparent diffusion 
coefficient at 298 K in 0.5M LiC104/acetonitrile solution. The relationship with the 
variation in LiC104 concentration in the electrolyte and the value for doping is 
slightly lower than that for undoping processes at 298 K. A model for time-
dependence of concentration relaxation of holes S ,^ Li* and CIO4" has been 
suggested for diffusion during doping and undoping processes. They proposed that 
the diffusion involves the concentration relaxation of all three species 
simultaneously to maintain electroneutrality in the system. The reported values of 
diffusion coefficients for small dopants varies from 10"^  to 10"'^  cm^s"' in 
"Shirakawa" polyacetylene [73,74], which possesses highly crystalline and fibriller 
structure having very high surface area [75]. However, for "Durham" polyacetylene, 
which gives very dense and amorphous films, the diffusion coefficients ranges from 
10""* to 10"'^  cm^s-' for Li^ Na^ CIO4", BF4", h and AsFj [76]. Abalyaeva et al. [77] 
used a combination of voltabsorbometry and chronoabsorbometry to estimate the 
coefficient of BF4" diffusion into 0.49 ^m thick film of polyparaphenylene 
produced by vacuum evaporation and a value of 5.0 x lO^^cm^s"' was found. Stamm 
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[78] estimated a value of 3.0x10"^ cm^s ' for AsFs dififusion into oriented fibers of 
polyparaphenyiene produced by solid-state extrusion technique. 
1.9. ELECTROCHEMISTRY OF THE CELL 
P-type conducting organic polymers are conventionally used in secondary batteries. 
These polymers are cationic and doped by low molecular weight anions, such as 
perchlorate, chloride and tetrafluoroborate ions. On reduction in an electrolyte 
solution, they become neutral by releasing the dopant anion and on reoxidation, they 
capture the anion again. In other words, p-type conducting organic polymers having 
a low molecular weight anion as a dopant has a reversible anion incorporating 
ability. On the other hand, the metal used as an anode becomes a metal ion upon 
oxidation in an electrolyte solution and dissolves in the electrolyte solution. On 
reduction, the metal ion is deposited on the anode [79,80]. 
In a conventional battery, cathode comprises of the above-described 
conducting organic polymer, doped by low molecular weight anion and anode 
comprises of a metal. During discharging, anion X~ is released from the cathode and 
cation M^ is released from the anode, thus increasing the ion concentration in the 
electrolyte solution. On the other hand, these reactions are reversed during charging. 
That is the anion X" is incorporated into cathode and metal ion M* is precipitated on 
the anode, resulting in decrease in ion concentration in the electrolyte solution. It is 
therefore apparent that the charging and discharging characteristic of these batteries 
depends on the diffusion into and out of polymer electrode. 
In these conventional batteries, it is necessary to use an excess amount of 
unsaturated electrolyte solution relative to the volume of the conducting organic 
polymer and the metal, as the ions released from both cathode and anode on 
discharging should be dissolved in the electrolyte solution and the internal resistance 
of the battery should be reduced by maintaining a sufficient ion concentration of the 
electrolyte solution during charging. 
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Recently p-type conducting organic polymers doped with a high molecular weight 
polymer (having a number of anionic groups in the molecule), have been proposed 
in place of the above-described low molecular weight anion, as reported by Ohtani 
et al. [81]. In marked contrast to the p-type conducting organic polymer doped with 
a low molecular weight anion, since here the polymer anion acts as a dopant, and is 
hardly diffusible in the conducting organic polymer because of its high molecular 
weight. The conducting organic polymer incorporates a cation in the electrolyte 
solution within its molecule and thereby undergoes and then releases the cation thus 
incorporated upon re-oxidation of the conducting organic polymer. That is, the p -
type conducting organic polymer doped with the polymer anion possesses a 
reversible cation-incorporating ability. Application of the above described polymer 
has been proposed in plastic battery containing this conducting organic polymer 
doped with a low molecular weight anion as a cathode and a conducting organic 
polymer doped with the above-described polymer anion as an anode as described in 
a Japanese Patent [82]. 
Conducting organic polymers are obtained by electrolytic oxidative 
polymerization, chemical oxidative polymerization or photo-oxidative 
polymerization of heterocyclic compounds, e.g. aniline, pyrrole, thiophene and their 
derivatives [83]. Examples of the polymer anion which can be used as dopant 
include polyvinylsulfonic acid, polyvinyl sulfuric acid, polystyrenesulfonic acid, 
sulfonated styrene butadiene copolymer, polyallylsulfonic acid, polymethallyl 
sulfonic acid, poly-2-acrylamide-2-methylpropane-sulfonic acid, halogenated 
acrylic acid polymer, etc. In addition, fluorine-containing polymers are 
commercially available under a trade name of "Nation" which are also used as a 
polymer anion. These polymers have a number of sulfonic acid groups on the 
molecular side chain. Metals like lithium, zinc and magnesium having lower redox 
potential than that of the above-described conducting organic polymer are 
preferably used as anode. Charging can be done by applying a proper voltage 
between the two electrodes via a potential loading device to cause a reverse 
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electrode reaction. The solvent for the electrolyte solution is an ion-conductive 
phase usually includes organic solvent, e.g. propylene carbonate, dimethoxyethane, 
acetonitrile, dimethoxymethane, sulforane, dimethylsulfoxide, 
dimethoxylformamide, y—butyrolactone, benzonitrile, N-methyl-2-pyrrolidone, 
dimethylacetamide, water and mixed solvents of water and the above-enumerated 
organic solvents. In particular, the solvent to be used is preferably selected from 
those which exhibits low reactivity with the conducting organic polymer cathode 
and where the metal anode do not participate in the redox reaction during charging. 
The electrolyte is not particularly limited; such as lithium tetrafluoroborate, lithium-
perchlorate, lithium-hexafluorophosphate, lithium hexa-fluoroarsenate, zinc sulphate 
zinc chloride, magnesium chloride, magnesium sulphate, etc. These electrolytes are 
appropriately selected from those containing the same metal component used in the 
metal anode and whose anion component in the electrolyte does not participate in 
the redox reaction during charging and discharging. At the same time, a reverse 
voltage is applied between the electrodes to oxidize the p-type conducting organic 
polymer having a cation-incorporating ability to reduce the metal ion from 
discharging. As a result, the conducting organic polymer releases the cation M"^  
which precipitates as a metal on the anode and is regenerated by the battery. 
Accordingly, the ionic concentration in the electrolyte solution does not change 
substantially during charging as well as discharging. 
1.10. METAL OXIDE 
Nowadays, the physical and chemical requirement of a material has been even 
greater than ever. This demand cannot be fully met, neither by a handfril of elements 
having semiconducting properties nor by some relevant chemical compounds, which 
are already vmderstood. Therefore, increasing attention is being paid to studies on 
less known chemical compounds able to act as semiconductors to meet the need of 
the future technology. One of the most important aspects of a "new" material is most 
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probably its electrical property. This is because of the advances in the electrical 
properties that have put electronic and electrical appliances in our daily life. 
Amongst many materials, the semiconducting oxides may be considered as 
most promising to take the place of the new material. Owing to their electrical 
properties like conductivity, magnetic, ferroelectric, piezoelectric, 
electroluminescence and optical property, some of the metal oxides have been 
successfully applied for the production of electronic components such as transistor, 
capacitor, resistor, microchip, etc. In one of the study mentioned in this thesis, zinc 
oxide (ZnO) has been utilized to make composites with polyaniline. 
1.10.1. Zinc Oxide 
Zinc oxide (ZnO) is a wide band gap (3.37 eV) semiconductor with a large 
excitation binding energy (60 eV) [84], it is an exceptionally important material for 
applications in solar cells, solid-state optoelectronic devices, and so on [85,86]. It is 
one of the earliest discovered and most widely applied gas sensing materials, the gas 
sensing properties of ZnO has now being highlighted because of the high mobility of 
its conduction electrons, good chemical and thermal stability [87,88]. 
1.11. CONDUCTING COMPOSITES 
In a limited way, all polymers can be considered as blends since their diversity in 
molecular weight and microstructure makes it unlikely that two adjacent 
macromolecules are identical. However, the term "blend" is usually referred to a 
mixture of two or more polymers with noticeable difference in an average chemical 
composition or microstructure. It is not necessary for both polymers to mix at the 
molecular level. However, mixing at the molecular level occurs if the polymers are 
miscible. The great majority of polymer pairs are immiscible but this does not 
preclude their effective use. However, the mixing and subsequent fabrication 
procedures are crucial to performance since they determine the final morphology of 
the composite. 
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To meet the demands of material of improved performance, commercial 
polymers are always mixed together with various additives of monomeric or 
polymeric nature. It is hoped that the additives will act synergistically with the 
polymer and meet the combined requirements for a particular application. A 
polymer composite may be defined as a combination of polymer matrix with one or 
more materials to avail the advantages of desirable properties of each component. 
Thus in conducting composites, the polymer matrix acts as a solid adhesive which 
keeps the conducting components together and thus provides mechanical strength 
without any contribution in electrical conduction. A significant amount of the work 
has been conducted by varying the amount of single conductive fillers in a 
composite material [89-94]. 
Electrical conductivity of some polymers, as in natural rubber, was first 
reported in 1800s when enhanced electrical conductivity was observed in natural 
rubber on incorporation of carbon black. The use of natural rubber filled with 
acetylene black began in around 1930's as an antistatic device and used in places 
where it was necessary to prevent the hazard of sparks due to the buildup of static 
electricity. Today such composites are enjoying a fairly good demand from the 
industry, because of their low cost, good mechanical strength and reasonably high 
electrical conductivity [95]. 
The electrical conductivity of other polymers can also be increased by the 
addition of carbon fillers, such as carbon fibers, carbon black and graphite [96-98]. 
The resulting composites can be used in applications where the metals have 
typically been the materials of choice [99-102]. It is advantageous to use these 
materials as they are light weight, resistant to corrosion, and have the ability to be 
readily adapted to the needs of a specific application. The possible applications for 
electrically conductive resins include electromagnetic and radio frequency 
interference (EMI/RFI) shielding for electronic devices and moderately conductive 
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composites for parts such as fuel gauges and electrostatic dissipation (ESD) [103-
105]. 
1.12. NANOCOMPOSITES 
In recent years significant progress has been achieved in the synthesis of various 
types of polymer nanocomposites and in understanding the basic principles which 
determine their optical, electronic and magnetic properties. As a result of this, 
nanocomposite based devices, such as light emitting diodes, photodiodes, 
photovoltaic solar cells and gas sensor have been developed. These nanocomposites 
are synthesized using chemically oriented synthetic methods such as soft 
lithography, lamination, spin-coating or solution casting. 
Milestones in the development of nanocomposite-based devices was the 
discovery of the possibility of filling conductive polymer matrices, such as 
polyaniline substituted poly(peraphenylenevinylenes) or polythiophenes, with 
semiconducting nano particles: Ti02, CdS, CdSe, CuS, ZnS, ZnO, etc. This new 
technique of filling the polymer matrix with nano-particles of both n- and p -
conductivity types provides access to peculiar morphologies, such as 
interpenetrating network, p-n nanojimctions or "fractal" p-n interfaces, which are 
not achievable by traditional microelectronics technology. 
The peculiarities in the conduction mechanism through a network of 
semiconductor nanoparticle chains provide the basis for the manufacture of highly 
sensitive gas and vapor sensors. These sensors combine the properties of the 
polymer matrix with those of nanoparticles. It allows the fabrication of sensor 
devices selective for some definite components in mixture of gases or vapors [106-
110]. 
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1.13. PANI COMPOSITES 
Since 1984 efforts have shifted from PANI to their use as conducting polymer 
composites or blends with common polymers [111-118]. This trend has been driven 
by the need to replace traditional inorganic conducting fillers and to improve the 
processibility of conducting polymers which also gives them good mechanical 
properties and stability. These composite materials have introduced conducting 
polymers for practical applications in different fields which includes 
electromagnetic shielding, microwave absorption [113,119-121], static electricity 
dissipation [122-124], heating elements [125,126], conducting glues [127], 
conducting membrane materials [128,129], and paint coatings for anticorrosion 
property [130], and sensor materials [131,132]. Among ICPs, PANI is known for 
having probably the best combination of stability, conductivity and low cost [133-
143]. As a consequence, its conducting composites finds applications in large scale 
industrial applications mentioned above [113,119-132]. Nevertheless, the choice of 
the best method to produce composites with specified characteristics remains an 
unresolved problem. The problem arises because the processing method may 
significantly determine the properties of the manufactured composite materials. The 
known methods to produce PANI containing composites [118] are: 
• Chemical in situ polymerization of aniline in a matrix or in a 
solution with a matrix polymer; 
• Dispersion polymerization of aniline in the presence of a matrix 
polymer in a disperse or continuous phase of a dispersion; 
• Emulsion polymerization 
• Solution blending soluble matrix polymers 
• Dry blending 
• Melt processing 
Naturally, each of these methods has its own advantages and limitations. 
Specifically, the synthetic direction is preferred, as it produces inexpensive 
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conducting composites, because of the use of inexpensive aniline instead of more 
expensive PANI. The other reason of the use of this method is that it produces 
composites which have conductivity only in a thin surface layer, have good 
homogeneity and a low percolation threshold. On the other hand other blending 
methods are sometimes seemed to be more technologically desirable from the view 
point of large scale production, particularly in the case of melt procession 
techniques. It can be concluded that the blending methods will probably become 
very practicable when techniques to produce inexpensive, nanosized PANI will be 
developed. 
1.13.1. Preparative Methods of Polyaniline Composite 
1.13.1.1. In situ polymerization of aniline in the presence of polymer matrix 
It is known that the polymerization of monomers in a polymer matrix is a useful 
approach for the in situ preparation of new materials. By this procedure, more 
intimate mixing of the two components is possible which is generally obtained by 
mechanical blending because of the incompatibility of most polymers. Some of the 
previous reported techniques for chemical polymerization of aniline by a variety of 
methods are polymerization of aniline: in a solution of aniline and a matrix polymer 
[93,94] at the surface of a polymer substrate dipped in aniline and oxidant solution 
[95], directly in a polymeric matrix, swelled in aniline and contacting with an 
oxidant solution [96,97] or in a polymeric matrix containing an oxidant and 
contacting with a solution or vapors of monomers [98,99]. 
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1.13.1.1.2. Emulsion polymerization 
Ruckenstein et al. [144-146] have developed emulsion pathways for the preparation 
of conductive PANI composites using the stabilization of an emulsion by a 
surfactant. The reaction is carried out in heterogeneous systems, usually with both 
aqueous and non-aqueous phases. In inverse systems, water soluble monomers are 
dispersed in a non aqueous medium. A typical emulsion polymerization reaction 
consists of 30% monomer, 65% water and the rest being emulsifier (surfactant), 
initiator and other additives. Emulsification initially results in micelles swollen with 
solubilized monomer and surfactant-stabilized monomer droplets. As the initiator 
decomposes, a new phase consisting of the latex particles appears which contain 
macromolecules of a fairly high degree of polymerization swollen with monomer 
and stabilized by the surfactant. Specifically, they reported a method to produce 
PANI/PMMA [143] and PANI/PS [144] composites via oxidative polymerization of 
aniline by adding an aqueous solution of the oxidant (APS) and dopant 
(hydrochloric acid) to a concentrated emulsion containing an aqueous solution of the 
ionic surfactant (sodium dodecylsulfate) as the continuous phase and organic 
(benzene) solution of the host polymer and aniline as the dispersed phase. 
1.13.1.1.3. Dispersion polymerization 
Dispersion polymerization may be defined as the polymerization of a monomer 
dissolved in an organic solvent or water to produce an insoluble polymer in the form 
of a stable colloidal dispersion. The colloidal stability of the resulting particle is due 
to the adsorption of an amphiphilic polymeric stabilizer or a dispersant, which is 
present in the organic medium on the surface of the polymeric particles. Hence, this 
process may also be viewed as a kind of precipitation polymerization in which 
flocculation is prevented and particle size is controlled. Gill et al. [147,148] have 
used a dispersion polymerization method to prepare stable polyaniline-silica 
Chapter-! (Introduction) 5Q 
Mohd. Khalid, Ph.D. Thesis 
colloidal composites. This method employs the controlled aggregation of colloidal 
silica to form polyaniline-silica composite particles. 
Basically this method depending on the way of aniline polymerization, is 
conducted at low temperatures (typically 0-5 °C) using an appropriate oxidant 
(usually APS, but sometimes K2S20g, KIO3, H2O2, etc. are also used) in the presence 
of water soluble polymers or tailor-made reactive copolymers [149] (e.g. poly(2-
vinylpyridine-co-p-aminostyrene) [150], PVA [151,152], poly(N-vinylpyrrolidone) 
[153,154], PEO [155], cellulose derivatives [156,157], poly(methylvinylether) 
[158], etc.). The technique results in sterically stabilized colloidal dispersions of 
PANI particles of different size (typically from tens to hundreds of nanometers) and 
morphology. These colloids can be further mixed with film-forming latex particles 
or with stable matrix polymer dispersions to produce conducting composites 
[153,155,159]. Thus, Banerjee and Mandal [160] synthesized a dispersion of non-
spherical PANI particles with diameters of 150-300 nm, stabilized with 
poly(methylvinylether). These particles were disintegrated into nanosized particles 
with diameters less than 20 nm, which were used to prepare conducting blends with 
conventional polymers PVC, PS, PMMA, poly(vinylacetate) and PVA by sonicating 
a suspension of the preformed submicronic PANI-HCl particles in the solutions of 
matrix polymers. 
1.13.1.1.4. Solution blending 
In this technique, conducting and insulating polymers are dissolved in a common 
solvent and afterwards processed into thin films. Thangaratinavelu et al [161] have 
prepared PANI-PVC composite films by solution blending technique, in the typical 
process the emeraldine base form of PANI was dissolved in solvent was mixed with 
0.26 g of PVC powder also dissolved in the same solvent. The two solutions were 
mixed thoroughly and the composite film was casted on a smooth glass plate. The 
solvent from the casted film was evaporated by keeping it in an air oven at 80°C, 
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and the film was then carefully peeled off. The thin transparent film thus obtained 
was foiind to contain about 18% PANI. The resulting composite film was doped 
using HCl gas. The bluish composite film turned green after HCl treatment. 
1.13.1.1.5. Dry blending 
Dry blending involves melt processing and mechanical mixing of doped PANI with 
thermoplastic polymer and molding in a hot press or extruder. Dry blend are 
prepared by blending the powders of PANI and the host polymer in a mixer. PANI-
poly(methylmathacrylate) and PANI-polystyrene blends have been prepared by dry 
blending. Dry PANI-MSA/PVP films prepared by vacuum distillation had 
conductivities in the range of 2.9 xlO'^ - 4.6 xlO'' S/cm. The blend with 80 wt% of 
PANI showed interesting elliptical flake morphology, in contrast to the spherical 
particle morphology observed for other blends [162]. 
1.13.1.1.6. Melt processing 
In this process, the conducting polymer is dispersed in a thermoplastic polymer 
matrix by mechanical mixing and then compression molding in a hot press. A major 
requirement for this process is that the thermal stability of the conducting 
polyaniline should be sufficient to withstand compounding in the melt of the chosen 
polymer host. For this purpose, the host polymer should possess a low melting 
temperature. PANI-polyvinylchloride, PANI-polyethyleneterephthalate-glycol and 
PANI -nylon-12 blends have been prepared by this method [163]. 
1.13.1.2. Characterization of Polymer Composites 
There are several methods that could be employed to evaluate a material or 
composite. The most common methods used are Fourier Transform Infrared 
Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Thermogravimetric 
Analysis (TGA), Transmission Electron Microscopy (TEM) and X-ray diffraction 
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(XRD). SEM, XRD and TEM are very useful techniques to determine the 
morphology and particle size of the samples respectively. In SEM and TEM, direct 
imaging of the material structures can also be performed. Apart from the 
morphology and particle sizes of the conducting polymer composite, it is also 
needed to know the other important physical property, i.e. electrical properties of the 
composite. The electrical properties of a conducting polymer composite involve the 
charge transfer within the composite and nanocomposite matrix which is a complex 
process. The electrical conductivity measurement used in this research work is 
described below. 
1.13.1.2.1. Four-probe resistivity measurement 
Many conventional methods for measuring resistivity are imsatisfactory for variety 
of materials such as semiconductors, because metallic semiconductor contacts are 
usually rectifying in nature. Also, there is generally minority carrier injection by one 
of the current carrying contacts. An excess concentration of minority carriers will 
affect the potential of other contacts and thus modulate the resistance of the 
material. The four probe method is one of the standard and most widely used 
methods for the measurements of the resistivity. It overcomes the difficulties 
mentioned above and also offers several other advantages, as it permits 
measurements of resistivity in samples having a variety of shapes, including the 
resistivity of small volume within bigger piece. In this arrangement, the contact 
resistance may be high as compared to the sample resistance, but as long as the 
resistance of the sample and contact resistance are small compared to the effective 
resistance of the voltage measuring device, the measured values will remain 
unaffected. Because of pressure contacts, the arrangement is especially useful for 
quick measurements on different samples or sampling different parts of the sample. 
In this method, four sharp probes are placed on a flat surface of the material, the 
current is passed through the two outer electrodes, and the floating potential is 
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measured across the inner pair. If the flat surface on which the probes rest is 
adequately large, it may be considered to be a semi-infinite volume. To prevent 
minority carrier injection and to make good contacts, the surface on which the 
probes rest, may be mechanically lapped. The experimental circuit used for 
measurements is illustrated schematically in Fig 1.16. A nominal value of probe 
spacing, which has been foimd satisfactory, is an equal distance of 2.0 mm between 
adjacent probes [ 164]. 
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Fig 1.16. Photograph of four-probe set up. 
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1.14. APPLICATIONS y , 
From the beginning, interest in conducting polymers has its origins in the possible 
commercial applications of these materials. The commercial applications are based 
on the promise of a novel material with a combination of properties such as light 
weight, high processibility and good electrical conductivity. Foremost among the 
current commercial ventures, the applications of conducting polymers are in energy 
storage devices such as rechargeable batteries and capacitors. Some of the 
conducting polymers can change their optical properties on application of current or 
voltage and therefore may find useful applications as heat shutters and light emitting 
diodes. Conducting polymers are also used in EMI shielding, antistatic coatings as 
gas sensors and also have been tried as drug-delivering systems in the medical field. 
Some of the most important potential applications of conducting polymers are 
briefly discussed here. 
1.14.1. Polymeric Batteries 
One of the applications of conducting polymers, which is also a focus of attention 
worldwide, is lightweight batteries. Previously, a number of conjugated polymers 
have been tried, but most of them failed to exhibit the desired properties especially 
with respect to stability. Amongst the conducting polymers, the use of conducting 
PANI blends and composites in rechargeable batteries such as lithium batteries is 
very promising. Recent years have witnessed aggressive interest in lithium batteries. 
Such cells, unlike conventional ones, possess much greater emf, good energy 
capacity and shelf lives. 
Recently, a composite film of PANI with a complex of poly(ethyleneoxide) 
(PEO) and lithium perchlorate was prepared and used as the positive electrode in solid-
state lithium rechargeable batteries [165]. Chemically synthesized PANI -nafion 
composite film has been used in rechargeable batteries [166]. It was found that the 
composite showed the highest capacity with lithium perchlorate in propylene carbonate 
as the electrolyte. The charge/discharge performance of the battery is nearly 
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independent of the choice of the anions but is significantly affected by the cation size. 
The insertion or removal of charge compensating electrolyte cations from the composite 
layer in support of the redox nature of PANI occurs during the charging and 
discharging cycles. However, batteries made using either polypyrrole or PANI as the 
positive electrode (cathode) and lithium-aluminium alloy as the negative electrode 
(anode) exhibit much more satisfactory properties. The electrolytes in these cases were 
either LiC104 or LiBF4 in propylene carbonate (a highly aprotic solvent, which is also 
fairly resistant to oxidation). During the battery discharge, electrons moves from the 
lithium alloy (which gets oxidized) to the PANI cathode (which gets reduced), as Li^  
from the anode and BF4" from the cathode enters the electrolyte. One of the major 
drawback of this battery is that the energy density or energy storage capacity is low and 
its recyclability (charging-discharging cycles) is relatively poor. More recently, some 
composites of an alkali metal alloy and polyphenylene have been very effectively used 
as anode materials in batteries. PANI-iridium oxide composites have been used as 
electrode materials in electrochemical devices [167]. 
In these cases, the conducting polymer serves as a binder for the alkali metal 
alloy, forming a multiply connected, electronically as well as ionically conductive 
network within which the alloy particles are held. The mixed ionic and electronic 
conductivity of the conducting polymer binder allows the alloy particles to continue 
the electronic and ionic processes associated with the charge-discharge cycles, 
consequently extending the battery cycle life. Thus, the prospects of polymeric 
batteries are still alive and are awaiting further technological refinement [168]. 
1.14.2. Electrochromic Displays 
Electrochromic display is another interesting application, which utilizes the 
electrochemical doping and imdoping of conducting polymers. The basic idea used 
in such devices, is to effect a significant change in the color (both the wave length of 
absorption and its intensity) upon application of an electric potential. Depending 
upon the conducting polymer chosen, either the doped or undoped state can be 
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essentially colorless or intensely colored. In general, the absorption of doped state is 
dramatically red-shifted (towards longer wavelength) from that of the undoped 
state. Because of their very high absorption coefficients in the visible range of the 
electromagnetic spectrum, only very thin films are required for display devices with 
high contrast and a very broad viewing angle. PANI, polypyrrole, polythiophene and 
their derivatives have been successfully used to prepare prototypes of such display 
devices. However, one important aspect is the cycle life and for successful 
commercial utilization of these materials in display devices it must be considered 
and should be >10'. A maximum of about lO^cycles has been achieved using 50 nm 
thick PANI films. Thus, these materials are yet to achieve the set target (in terms of 
their life cycle) for use as electrochromic displays. The other interesting and 
innovative applications, such as electrochromic windows [windows in 
buildings/automobiles which can be made to go fi-om low transmitting (during the 
day) to high transmitting (during the night)]; the switching in such systems occurs 
upon application of an electric potential [169]. 
Morita and colleagues have prepared PANI composites with polyion 
complexes 26, polythiophene 27, polyvinyl alcohol, [170,171], hydroxymethyl-
cellulose, sodium salt of carboxymethylcellulose, poly(sodium acrylate) and 
poly(sodium 4-styrenesulphonate) 18, all of which exhibits electrochromic 
behaviour. PANI-tungsten trioxide composites have been investigated for their 
electrochromic behaviour [172,173]. The composite films are coloured blue at 
cathodic potentials and are multicoloured, green to violet at anodic potentials [173]. 
1.14.3. Antistatic Materials 
Coatings and packaging materials with electrically conductive PANI offer a reliable 
and convenient means of preventing static charging. The coating formulation, which 
in addition to the dissolved electrically conductive polymer can also contain various 
binders and additives which can be applied to films (for example polyester) by 
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means of gravure printing. The coatings obtained in this way are pale blue in color, 
highly transparent and do not have a corrosive action on metals. Their antistatic 
properties are independent of the ambient temperature and atmospheric humidity. 
Their surface resistance of lO^-lO' ohm is ideal for antistatic packaging. 
1.14.4. Corrosion Protection 
Coatings containing conductive polymers are being developed by several groups of 
investigators. A PANI primer coat has been developed jointly by Los Alamos 
National Laboratories in New Mexico and the Kennedy Space Center in Florida to 
act as an active electronic barrier to corrosion. When overlaid with a conventional 
durable topcoat such as epoxy, the coating has been shown to protect steel against 
salt, pollutants and other harsh environments. 
1.14.5, Gas Sensor 
Polymer-based gas sensors have received considerable interest in recent years 
[122,174-195], mainly due to their gas sensing ability, by measuring the 
conductivity change as a function of exposure of gases. Early work on conducting 
polymers as gas sensors was undertaken by a number of groups and the first 
disclosure of the gas-sensing properties of conducting polymers was made by 
Nylander et al. in 1983 [194], when they used polypyrrole-impregnated filter paper 
to measure the response of ammonia vapor. Later the same device was used to 
measure the responses to NO2 and H2S under suitable conditions; presumably these 
gases reacted with PPy by oxidizing and reducing the PPy respectively. Bartlett's 
group [178,179,193,195] compared the responses with vapors such as alcohols, 
acetone and ether from four different polymers including polypyrrole, PANI, poly-
N methylpyrrole and poly-5carboxyindoIe. It was reported that poly-5-
carboxyindole gave the most consistent response to all vapors investigated and the 
mechanism of response of these sensors was explained in terms of the 
semiconductor theory [181]. Chemical sensing properties of the electrochemically 
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prepared polypyrrole-polyvinyl alcohol film were studied by exposing them to NH3 
gas [196]. 
1.14.6. Humidity Sensor 
It is a well-known fact that in the presence of moisture, the DC electrical 
conductivity of PAN! increases by many order of magnitude, and this forms the 
basis of humidity measurements. The increase in conductivity is attributed to the 
reduction in potential barriers between the grains due to the presence of moisture. 
The change in conductivity in aqueous environment involves two main processes: 
the adsorbed water molecules dissociate at imine nitrogen centers and positive 
charge migrates through the polymer. Generally, most of the imine units in bulk 
PANI are enveloped in the polymeric network, and only those on the surface have a 
chance to come in contact with water which affects its sensitivity to humidity 
[192,197-206]. Humidity sensors are vital for controlling and estimating an accurate 
amount of water content in many processes, like food processing industries, drying 
technology, weather control, agriculture and so on. Therefore, the research devoted 
to the development of a new material for humidity sensors is gaining more attention 
[198] Ogura et al. [199] used the composite of p-toluene sulfonic acid doped PANI 
with PVA, Li et al. [197] used PANI in mesoporous silica SBA-15, while Kulkami 
et al. used poly(N-methyl) aniline doped with sulfonic acids and other organic acids 
as functional materials for humidity sensing. [198,200]. Lastly, the possible 
applications of the composite materials are diverse and the future of these materials 
appears bright. Therefore, in general the application of composite materials can be 
introduced in the following fields. 
• Solar cells 
• Electroplating 
• Conducting textiles 
• Bio-sensor 
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• Display devices 
• Photovoltaic cell 
• Optoelectronics 
• Photo catalysis 
• Adhesives 
• Fillers 
• Schottky diodes 
1.15. RESEARCH BACKGROUND AND CHALLENGES 
The principal problem encountered with the potential utilization of conducting 
polymers is their poor processability and environmental stability. Attempts have 
been made earlier to incorporate non-conducting polymer with conducting polymer 
in order to improve the processability of the said mixed material without losing the 
mechanical properties [207]. Currently, PANI is one of the most investigated 
intrinsically conducting polymers due to ease of its synthesis and has good 
conductivity. Significant progress in the preparation of processible forms of PANI 
has been reported in recent years. PANI is considered as one of the most promising 
candidate for the fabrication of conductive composites with industrially important 
classical polymers. Such a great demand for flexible, conductive film and the latest 
progress on the fabrication of polyaniline and its blends has attracted enormous 
industrial interest. The ability to process PANI into tough, free-standing, air stable 
films has been a pulling factor for the intense research and great number of 
published material related to this promising conducting polymer. Nevertheless, one 
of the difficulties associated with the processing of conjugated polymers is their 
poor solubility in common volatile organic solvents. 
Several works have been reported on the preparation of interpenetrating 
composites of PANI with several matrix polymer such as poly(methyl 
methacrylate), poly(vinylalcohol), polycarbonate, etc [208-213]. Several studies 
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also reported conducting composites prepared with PANI and other classical 
polymer such as polystyrene, poly(vinyl acetate), polyamide, etc in organic solvents, 
which exhibit good mechanical properties associated with interesting electrical 
properties [214-216]. In this work we have explored and studied PANI composites 
in terms of electrical conductivity. 
1.16. RESEARCH OBJECTIVE AND SCOPE 
Polymer composites have been extensively studied in recent years due to their 
significant importance in applied as well as basic sciences. As evident from the 
literature cited in the preceding sections, the conducting polymers have emerged as a 
potential material due to their excellent electrochemical properties. Their composites 
with non-conducting polymer matrices are also very promising material for use in 
charge storage devices. These composites possess outstanding electroanalytical 
properties. Keeping in view the above facts, the scope of this research is as listed 
below: 
a) To synthesize organic-inorganic composites such as PANI-titanium(IV)phosphate 
and PANI-zinc oxide by sol gel process and their electroanalytical studies. 
b) To prepare organic-organic composites such as PANI-polyacrylonitrile, PANI-
nylon-6,6 and PANI-polyethyleneterephthalate through in situ oxidative polymerization 
method and their electroanalytical studies. 
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SYNTHESIS AND CHARACTERIZATION OF 
POLYANILINE-TITANIUM(IV)PHOSPHATE CATION 
EXCHANGE COMPOSITE: METHANOL SENSOR AND 
ISOTHERMAL STABILITY IN TERMS OF D C 
ELECTRICAL CONDUCTIVITY RETENTION 
2.1. INTRODUCTION 
Composite materials formed by the combination of inorganic materials and organic polymers are attractive for the purpose of creating high-performance 
or high-functional polymeric materials. The molecular level combination of two 
different components that may lead to new composite materials, termed 'organic-
inorganic hybrid materials'. Recently, new methods for preparing these hybrid 
materials have been reported. Some improvements in the properties or modifications 
of these materials have also been explored from the viewpoint of industrial 
applications. Because of their interesting possibilities for structural modifications 
and promising potential applications in chemistry, biology and materials sciences, 
organic-inorganic nanocomposites have received greater attention over the last few 
years. A wide range of organic and inorganic materials can be combined to form 
nanocomposites with unique electrical, catalytic and optical properties. Conducting 
polymers such as polythiophene, polypyrrole and polyaniline have been recognized 
to be the most important and has exhibited great potential for commercial 
applications due to its imique electrical, optical and photoelectrical properties, as 
well as its ease of preparation and excellent environment stability [1-7]. 
The detection of polluted gases, especially toxic gases are important to get 
clean indoor environment. The sensing materials including inorganic or organic 
have been studied widely [8-19], and chemical sensors have attracted a lot of 
attention in recent years with perceived commercial markets ranging from quality 
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control to biomedical applications. Conducting polymer based composites in recent 
times have gained popularity as competent sensing materials for various organic 
vapors [20], hazardous gases [21] and humidity [22,23]. Few reports are available 
that account for the use of polyaniline as a sensor for alcohol vapors, especially 
methanol, ethanol and propanol [23-28]. Some organic-inorganic composite 
materials prepared in our laboratories have shown conductivity as well as excellent 
ion exchange capacity [29,30]. To the best of our knowledge, this is the first attempt 
to study such type of cation exchange composite for gas sensing applications. 
In the present work, PANI-TiP cation exchange composite is prepared and 
the material was characterized by chemical analysis and using different instrumental 
techniques. The composite material has been used as methanol vapor sensor and 
isothermal stability was studied in terms of DC electrical conductivity retention. The 
sensitivity of the composite to alcohol vapors resulted resulted in the change in 
resistivity. These changes have been explained on the basis of the structural changes 
that occur in the polymers on adsorption of alcohol vapors. 
2.2. EXPERIMENTAL 
2.2.1, Chemicals and Reagents 
Aniline was purified by distillation before use. Aniline (99%) from Qualigens (India 
Ltd.), Titanium dioxide (Ti02) from Qualigens; Ammonium persulphate (C.D.H. 
A.R. grade) was used as received. The main reagents used for the synthesis of the 
material were obtained from CDH, Loba Chemie, E-merck and Qualigens (India 
Ltd.,). All the reagents and chemicals were of analytical grade. 
Stock solution of Titanium sulphate was prepared by dissolving 2 gm of 
Titanium dioxide in 65 ml of hot concentrated H2SO4 (containing 25 gm of 
ammonium sulphate) with constant stirring. 
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2.2.2. Synthesis 
2.2.2.1. Polyaniline 
Polyaniline gel was synthesized by polymerization of aniline in the presence of 
hydrochloric acid using ammonium persulphate (acts as an oxidizing agent) by 
chemical oxidative polymerization method. For the synthesis, we took 10% aniline 
with 100 ml of 1 M HCl in double distilled water (DMW), this solution of aniline 
was taken in a double walled flask at temperature 0±1 "C with continuous stirring. 
The solution (150 ml) of ammonium persulphate (O.IM in double distilled water) 
was added drop by drop to the solution of aniline in the double walled flask with 
continuous stirring. After 6 h the stirring was stopped and the solution was filtered 
in Buchner fimnel, the residue was washed 3-4 times with distilled water. Thus 
prepared polyaniline was kept in desiccator for fiirther use. 
2.2.2.2. Titanium(IV)phosphate 
Preparation of titanium(IV)phosphate (TiP) cation exchanger was carried out by 
taking different ratios of titanium(IV)sulphate stock solution and 1 M 
orthophosphoric acid solution prepared in de-ionized water. Titanium(IV)sulphate 
stock solution was prepared by dissolving 2 gm of titanium dioxide in 62.5 mL of 
hot concentrated sulfuric acid containing 25 gm of ammonium sulphate with 
constant stirring [31]. 
2.2.2.3. PoIyaniIine-titaiiiuin(IV)phosphate composite 
PANl-TiP composite cation exchanger was prepared by sol-gel method by mixing 
polyaniline into the inorganic precipitate of TiP with constant stirring. The resultant 
mixture turned slowly into greenish black colored slurries which were kept for 24 
hours at room temperature. Thus prepared polyaniline composite cation-exchanger 
based gel was filtered off, washed thoroughly with DMW to remove excess acid and 
any adhering trace of ammonium persulphate. The washed gel was dried over P4O10 
at 40 °C in an oven. The dried products were immersed in DMW to obtain small 
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granules. The product was converted to the H"^  form by keeping it in 1 M HNO3 
solution for 24 hours with occasionally shaking intermittently replacing the 
supernatant liquid and the excess acid was removed after several washings. The 
material was dried at 40 °C, grinded by pestle mortar to obtain fine powder of 
'composite. 
2.2.3. Ion-exchange Capacity 
The ion-exchange capacity, which is generally taken as a measure of the hydrogen 
ion liberated by neutral salt to flow through the composite cation-exchanger was 
determined by standard column process. 1 gm of the dry cation-exchanger sample in 
H* form was taken into a glass column with an internal diameter of ~1 cm, fitted 
with glass wool support at the bottom. The bed length was approximately 1.5 cm 
long. 1 M alkali and alkaline earth metal nitrates as eluants were used to elute the H* 
ions completely fi-om the cation-exchange column, maintaining a very slow flow 
rate (~ 0.5 ml min~'). The effluent was titrated against a standard 0.1 M NaOH using 
phenolphthalein indicator. 
2.2.4. Characterization 
The FTIR spectra of PANI, TiP and PANI-TiP composites were recorded by a 
Perkin Elmer 1725 instrument. XRD data were recorded by Bruker D8 
diffractometer with Cu Ka radiation at 1.540 A in the range of 20° < 2 0 < 80" at 40 
keV. A LEO 435-VF scanning electron microscopy was used to obtain the 
micrograph of the samples. The thermo-gravimetric analysis were performed on the 
selected sample of the composite and polyaniline by using Perkin Elmer (Pyris 
Dimond) instrument, heating the materials fi-om ~ 10 °C to 600 °C at the rate of 10 
°C min~' in nitrogen atmosphere with the flow rate of 30 ml min~'. The chemical 
analysis of the composite was carried for Ti (IV), P, C, H and N by using ICP-MS, 
AOAC and Vari-OEL CHNS. 
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2.2.5. Electrical Conductivity 
The selected sample of composite was dried at 40-50 °C in an oven for 24 h. The 
pellets of the composite material (200 mg) were made at room temperature with the 
help of a hydraulic pressure machine at 25 KN for 10 min. The optimum thickness 
of the pellets obtained was -0.2 mm. DC electrical conductivity of the composite 
was measured by using four-in-line probe. The conductivity (CT) was calculated 
using the following equations-
p = Po/G7(W/S) (1) 
G7(W/S) = (2S/W)ln2 (2) 
Po=(V/I)27cS (3) 
a = 1/p (4) 
Where GJCW/S) is a correction divisor which is a function of thickness of the sample 
as well as probe-spacing, while I, V, W and S are current (A), voltage (V), thickness 
of the film (cm) and probe spacing (cm) respectively. The isothermal stability of the 
pellets in terms of DC electrical conductivity retention was carried out on the 
selected samples at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C in an air oven. The 
electrical conductivity measurements were carried out at an interval of 10 min. 
2.2.6. Sensor Testing Measurements 
The pellet of the material (PANI-TiP) was dried in air for 45 min and then placed in 
an oven at 80 °C for 24 hours to remove any excess solvent. The gas sensitive 
characteristic of the composite was investigated by recording their electrical 
responses when exposed alternately to different concentration of alcohol vapor at 
room temperature. The sensing material was placed into the glass chamber and was 
gently pressed by four-probe to record the current-voltage characteristics using 
digital microvoltmeter (DMV 001) and low current sources (LCS 02). The vapor 
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sensitivities were recorded by their electrical responses. The distance between 
sensing material and solvent was kept 3-4 cm at the time of exposure to different 
concentration of methanol on the sensing material at room temperature. The initial 
resistivity of the sensing material was allowed to stabilize prior to the addition of 
methanol. The required concentration of methanol was poured into the chamber 
through the funnel. The sensing material was exposed to the solvent for appropriate 
time and then washed with double distilled water to remove the solvent and to return 
the sensor in air. 
2.3. RESULTS AND DISCUSSION 
Among the various sample prepared, the composite cation exchanger PANI-TiP 
(sample-3) possessed a better Na"^  exchange capacity (2.59 meq g~') as compared to 
the inorganic ion exchanger TiP (1.22 meq/gm), as evident from Table 2.1. The 
electrical conductivity variation with different aniline concentration in the composite 
is shown Table 2.2. Composite containing 10% of aniline monomer was selected for 
further study. 
The PANI-TiP composite was observed to show enhanced electrical 
conductivity with increase in temperature. The electrical conductivity of the 
composite was measured from 35 °C to 130 °C. The electrical conductivity of the 
composite followed Arrhenius equation for temperature dependence up to ~ 1 GO °C 
after that a deviation was observed as shown in Fig. 2.1. 
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Table 2.1. Conditions of preparation and the ion-exchange capacity of polyanihne-
Ti((IV)phosphate composite cation exchange material. 
Sample 
No. 
PTP-I 
PTP-2 
PTP-3 
PTP-4 
PTP-5 
PTP-6 
PTP-7 
PTP-8 
PTP-9 
PTP-10 
Mixing volume ratio (v/v) 
Titanium 
sulphate 
(stock 
solution) 
I 
2 
3 
1 
1 
1 
2 
1 
2 
1 
H3PO4 
1(IM) 
1(1M) 
1(1M) 
2(1M) 
3(1 M) 
1(2M) 
1(2M) 
1(3M) 
1(3M) 
1(1M) 
Mixing volume ratio (v/v) 
K2S2O8 in 
IMHCl 
1 (O.IM) 
1 (O.IM) 
I(O.IM) 
I(O.IM) 
I(O.IM) 
I(O.IM) 
1 (O.IM) 
I(O.IM) 
I(O.IM) 
-
10% Aniline in 
(IM) HCl 
-
Appearance 
of 
The sample 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
White 
Na"^  ion 
exchange 
capacity 
in (meq/g) 
1.57 
1.35 
2.59 
1.32 
1.08 
1.69 
1.86 
1.45 
1.65 
1.22 
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Table 2.2. Values of the DC electrical conductivity for the polyaniline-
Ti(IV)phosphate composite with different aniline monomer concentration. 
Samples ID Amount of Aniline Conductivity of PANI-
(%) Ti(IV)phosphate 
sample-1 
sample-2 
sample-3 
sample-4 
sample-5 
sample-6 
2.5 
5.0 
7.5 
10 
15 
20 
composite (S/cm) 
0.64 
1.97 
2.08 
3.34 
3.37 
3.39 
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Fig 2.1. Temperature dependence of electrical conductivity of PANI-TiP composite. 
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The FTIR spectra of PANI, TiP, unexposed PANI-TiP and methanol exposed 
PANI-TiP is shown in Fig. 2.2. In the spectrum of TiP a strong band which 
appeared around 3400 cm"' is of -OH stretching, the peaks in the region of 1100 
cm"' is due to the presence of phosphate group and peaks at 800 cm"' can be 
attributed to M-0 bonding. The bands due to aromatic stretching vibrations of C-N 
appear at ~ 1294 cm"'. The absorption peaks at -1594 and 1490 cm"' represent the 
quinoid (Q) and benzenoid (B) structures of the polyaniline (these peaks correspond 
to the characteristic peaks for PANI, as described in literature [32,33]) in unexposed 
PANI-TiP composite). A comparison of the FTIR spectra of the methanol exposed 
10% amount of aniline composite (PANI-TiP) reveals that the quinoid peak is 
shifted from 1594 to 1550 cm"'. This can be attributed to the interaction of methanol 
with imine nitrogens, thereby causing the reducing effect. The effective positive 
charge on imine nitrogen is reduced by the methanol molecule. 
Fig. 2.3 shows the TGA curve of polyaniline and PANI-TiP composite. The 
TGA thermogram of PANI showed 10% weight loss upto 200 °C, which may be due 
to the presence of water molecule and later a massive weight loss is seen till 
complete degradation at around 625 °C. The TGA curve of the PANI-TiP composite 
shows the weight loss in range of 100-200 °C, which may be due to the loss of water 
and low molecular weight oligomers, the composite were quite stable at higher 
temperatures as only 40%) weight of the composite was lost till 1000 "C. Thus it can 
be concluded that the thermal stability of the PANI-TiP composite is higher than 
that of pure PANI. 
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Fig 2.2. FTIR spectra of (a)TiP, (b) unexposed PANI-TiP and (c) methanol exposed 
PANI-TiP composite (10% aniline). 
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Fig 2.3. TGA of PANI and PANI-TiP composite 
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Fig 2.4(a-c) depicts the SEM micrographs of TiP, PANI and PANI-TiP. Fig 2.4a 
shows the micrograph of TiP gel which indicates the smooth surface. Fig. 2.4b 
shows the micrograph of PANI which reveals granular type structure. Fig 2.4c 
depicts the micrograph of composite, in which the morphology of the composite is 
quite different from that of the parental components. It can be seen that the 
polyaniline is evenly distributed throughout the entire TiP, which has dense and 
globular structure. 
Fig 2.5 shows the XRD pattern of TiP and PANI-TiP composite. Some 
characteristics peaks which are indicative of the crystalline structure of TiP are seen. 
The crystalline peaks of TiP were reduced in composite XRD pattern due to the 
amorphous nature of polyaniline. 
The chemical analysis of the PANI-TiP shows the following composition: Ti 
= 6.96%, P = 1.28%, C = 7.029%, H = 2.165% and N = 1.712%. On the basis of the 
chemical composition and molar ratios, the following tentative structure of PANI-
TiP composite can be proposed. 
[(Ti02) (H3P04)3 (-CeHsNHOs] n H2O 
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Fig 2.4. SEM micrographs of (a)TiP gel, (b) PANI and (c) PANI-TiP composite 
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2.3.1. Vapor Sensing Study 
In this study, the sensing capability of blank PANI and PANI-TiP composite 
sensors towards the alcohol vapors has been explored. The electrical resistivity 
response is measured in the presence of methanol vapors (used as received) and air 
respectively. It is well known that PANI is a p-type semiconductor. Therefore, the 
exposure of electron-donating gases such as alcohol to PANI causes a decrease in 
conductivity [34]. The resistivity of blank PANI increases on exposure to methanol 
vapors and decreases on exposure to air. The magnitude of the change is small and 
time is extended up to several minutes when compared with PANI-TiP composite 
(as shown in Fig. 2.6) [35]. In the case of PANI-TiP composite, a rapid response in 
the presence of methanol vapor was observed. The reproducibility in the response 
can be attributed to the adsorption and desorption of the analyte vapors during 
exposure and removal of vapors. It was observed that methanol vapor and air 
sensing response of PANI-TiP was better and reproducible than blank PANI. 
Moreover, the methanol vapor sensing ability of the composite sensor is 
significantly improved because the material behaves as an excellent cation exchange 
material (2.59 meq/g). The positively charge cations present in the composite might 
have greater attraction for electron donating vapors of alcohol, resulting in increase 
in resistivity. Using the CHN analysis the tentative structure of the composite is 
represented in scheme 1. The effective positive charge on the imine nitrogen is 
reduced by converting the imine nitrogen to amine, i.e. benzenoid structure is 
formed during the positive interaction. These results are also supported by FTIR 
studies. 
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The responses of this polymeric sensor for the ethanol and with different percentage 
of methanol+ethanoi mixture were also investigated shown in Fig 2.7. The changes 
in current-voltage data recorder are less sensitive towards ethanol vapors due to the 
low polar nature of ethanol. On the other hand, methanol is more polar and small in 
size than ethanol; hence it would interact more efficiently than ethanol. The 
response time for ethanol is large, which may be due to the difference in size as 
ethanol molecule is bigger in size than methanol. However, the response time is seen 
to increase appreciably from 70%, 50% and 20% in methanol+ethanoi mixture. The 
response at each concentration justifies that methanol molecules are sensitive and 
selective for this composite material. 
2.3.2. Stability in Terms of DC Electrical Conductivity Retention 
The isothermal stability of the composite material in term of DC electrical 
conductivity retention was carried out at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C in 
an air o\'eR. The electrical conductivity measurements were done five times after an 
interval of 10 min at a particular temperature. The electrical conductivity was 
measured with respect to time and is presented in Fig 2.8. It was observed that all 
the composite materials followed Arrhenius equation for the temperature 
dependence of the electrical conductivity from 50 to 90 °C and after that a deviation 
in electrical conductivity was observed, which may be due to the loss of dopant and 
degradation of materials. The stability of PANI-TiP composite in terms of DC 
electrical conductivity retention was found to be fairly good as studied by isothermal 
technique. The PANI-TiP composite can be used in electrical and electronic 
applications below 90 °C under ambient conditions. 
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2.4. CONCLUSION 
In the present research work, PANI-TiP cation exchange composite material was 
synthesized. The composite was characterized by using different instrumental 
techniques. DC electrical conductivity behavior of PANI-TiP at 50 °C, 70 "C, 90 °C 
and 110 °C was recorded. On the basis of conducting behavior of the material, 
alcohol vapor sensing studies were performed. It was observed that the cation 
exchange composite (PANI-TiP) is a good sensor for methanol. These observations 
give us a direction for the use of cation exchange material as a gas sensor. 
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SYNTHESIS OF POLYANILINE-ZINC OXIDE 
NANOCOMPOSITE: ELECTRICAL AND 
AMMONIA VAPOR SENSING PROPERTIES 
3.1. INTRODUCTION 
Nanocomposites of metal-polymer or metal oxide-polymer are expected to be an important class of materials in the area of nanotechnology. Recently, 
conductive polymer-inorganic nanocomposites with different combinations of the 
two components had received more and more attention, because they have 
interesting physical properties and thus find many potential applications in various 
areas [1]. ZnO is a typical n-type semiconductor as well as an important electronic 
and photonic material with many potential applications such as in field effect 
transistors, ultra-sensitive nano-sized gas sensors, nanoresonators, nanocantievers, 
UV detector, piezoelectronic materials, catalysts, hydrogen storage materials, 
chemical sensors, biosensors [2-12], etc. Polyaniline is one of the typical 
conducting polymers which is usually considered as p-type material used in 
lightweight battery electrode, electromagnetic shielding device, anticorrosion 
coatings, and sensors [13,14]. In the recent past the conducting polymer-based 
nanocomposite have drawn attention in their application as gas sensing material 
[15-22]. Therefore, PANI-ZnO nanocomposites have been most intensively studied 
among various composites, as it could combine the merits of PANI and 
nanocrystalline ZnO within a single material and are expected to find applications in 
electrochromic devices, sensor, nonlinear optical system and photoelectrochemical 
devices. Ammonia is one of the important industrial exhaust gases with high 
toxicity. With the increase in human awareness of environmental problems in 
industrial gas, the requirement of detecting these gases has greatly increased. 
Nanocomposite based sensors have been demonstrated for the detection of NH3 
under ambient conditions [23]. 
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In present work, attempts have been made to synthesize approximately 
uniform hexagonal ZnO nano particles and PANI-ZnO nanocomposite for eimmonia 
vapor sensing application. The characterization had been carried out by transmission 
electron microscopy, X-ray diffraction, fourier transform infrared spectroscopy, 
scanning electron microscopy, thermogravimetric analysis and the conductivity 
measurement was done by four probe. The isothermal stability of the composite 
material in terms of DC electrical conductivity retention at 50 °C, 70 °C, 90 °C, 110 
°C and 130 °C was carried out in an air oven at an interval of 10 min in the 
accelerated ageing experiments. 
3.2. EXPERIMENTAL 
3.2.1. Chemicals and Reagents 
Aniline (Qualigens) was distilled twice just before use. Ammonium persulphate 
(C.D.H.) was used as received. Ethanol (Riedel-deHaen), Methanol (Qualigens), 
Zinc acetate dihydrate (Zn(CH3COO)22H20) (99.5%), Toluene (Qualigens), 
Ethylene glycol CH2OHCH2OH, 2-Propyl alcohol (CH3)2CHOH, Glycerol 
CH2OHCHOHCH2OH and all other chemicals used were of A.R. grade. 
3.2.2. Synthesis of Zinc Oxide Nano Particles 
Slightly modified form of sol-gel method reported earlier [24] was used to 
synthesized zinc oxide. lOOg zinc acetate dihydrate was mixed with 20 mL of 
ethylene glycol in a round bottom flask fitted with a condenser and kept at 150 °C 
for 15 min over a hot plate to obtain a uniform transparent solution. The solution 
was solidified to a transparent brittle solid on cooling at room temperature. This 
solid was dissolved in 200 mL of 2-Propyl alcohol. On adding few drops of water, 
the solution converted into a gel of zinc acetate. Triethylamine (C2H5)3N was added 
to hydrolyze zinc acetate and the resuUing solution was placed in an oven at a 
temperature of 200 °C for 7 hours which turned into a light brown powder. This 
Chapter-3 \ \ \ 
Mohd. Khalid, Ph.D. Thesis 
powder was heated in a programmable furnace at 700 °C for 8 hours to remove all 
organic impurities. Finally white pure zinc oxide powder was obtained. 
3.2.3. Synthesis of Polyaniline-zinc oxide Composite 
PANI-ZnO nanocomposite was synthesized by following steps: different weight 
percent of ZnO powder was added in aniline solution (1 mL aniline + 3 mL toluene 
+ 50 mL water). 50 mL solution of 0.1 molar ammonium persulphate was mixed 
with above solution with vigorous magnetic agitation at 5 °C for 2 hours. A greenish 
black precipitate was obtained after keeping the resulting mixture at low temperature 
(5-10 "C) over night. The precipitate was filtered and washed several times with 
distilled water in order to remove unreacted chemicals. The precipitate was dried in 
an oven at 50 °C and then kept in desiccators for fiarther studies. The fine powder of 
composite was obtained by grinding the material with the help of pestle mortar. The 
fine powder of the composite was pressed in pellets form using a hydraulic pressure 
machine. 
® H- CI"HN-H( \ ^^ > ^ Q t ' ^ ' ' ISII ^^ / Polymerization J j l H P ^ process Q^^J^^ 
Nano particle Aniline complex PAMi,r.,>oiiccL,nH7nn Final product 
^ PANI nnicelles around ZnO / H A M I T ^ A ^ ^ ^ ^..^^\ 
(PANI-ZnO nanocomposite) 
Fig 3.1. Schematic diagram of the formation of PANI-ZnO nanocomposite. 
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3.2.4. Characterization 
The FT-IR spectra of zinc oxide and polyaniline-zinc oxide composites were 
recorded by a Perkin Elmer 1725 instrument. Transmission electron microscopy was 
carried out using a Philips EM-400 Microscope, a drop of sample was prepared in 
ethanol and placed on an ultra thin carbon coated copper grid. XRD data were 
recorded by Bruker D8 diffractometer with Cu Ka radiation at 1.540 A in the range 
of 20° < 29 < 80° at 40 keV). A LEO 435-VF scanning electron microscopy was 
used to obtain the micrograph of the samples. The thermo-gravimetric analysis 
were performed on the selected samples of composites using a Perkin Elmer (Pyris 
Dimond) instrument, heating the materials from ~25 °C to 600 °C at the rate of 10 "C 
min"' in nitrogen atmosphere with the flow rate of 30 mL min~'. 
3.2.5. Sensor Testing Apparatus and Measurements 
The sensing material (PANI-ZnO) were dried in air for 30 minutes and then placed 
in an oven at 80 "C for 24 hours to remove any excess solvent. The gas sensitive 
characteristics of the composites were investigated by recording their electrical 
responses when exposed alternately to different concentration of aqueous ammonia 
vapor and air at room temperature using four-probe in a glass chamber. The sensing 
material was placed into the glass chamber and gently pressed by four-probe to 
record the current-voltage characteristics using digital micro voltmeter (DMV 001) 
and low current sources (LCS 02), the assembly is shown in Fig. 3.2. The vapor 
sensitivities were recorded by their electrical responses. The distance between the 
sensing material and solvent was kept 3-4 cm at the time of exposure to different 
concentration of aqueous ammonia on the sensing material at room temperature. The 
electrical sensitivities were measured by using a four-in-line probe technique. 
The initial resistivity of sensing material was allowed to stabilize prior to the 
addition of the solvent. The required solvent was poured into the chamber through the 
funnel. The sensing material was exposed to the solvent for appropriate time and then 
washed with double distilled water to remove the solvent and return the sensor in air. 
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Volatile Solvent* 
Glass Chamber 
Digital Microvoltmeter 
Fig 3.2. Laboratory made set-up of sensitivity testing apparatus 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Characterization 
In Fig. 3.3 all the peaks were well indexed to hexagonal phase ZnO as reported in 
JCPDS card No. 36-1451 [25,26]. The particle size of ZnO was calculated 
according to Scherer's equation estimated from the line width of the (101) XRD 
peak. 
P ^ 0.89 A. (1) 
PcosG 
where X is the X-ray wavelength, p is the half-height width of the XRD peak, and 0 
is the Bragg's angle. According to the p values of the ZnO (101) peak as calculated 
by eq. (1), the ZnO particle size was about 22.70 nm. XRD pattern of PANI-ZnO in 
Fig 3.4 has shown semicrystalline structure and the size of the composite was found 
to be 34.17 nm according to the highest intensity peak in the figure. XRD pattern of 
semicrystalline PANI-ZnO composite can be supported by SEM images of ZnO, 
polyaniline and PANI-ZnO composite (Fig. 3.5), where nearly hexagonal particles 
of ZnO (Fig. 3.5c) are wrapped with amorphous polyaniline (Fig. 3.5a) resulting in 
the formation of PANI-ZnO composite (Fig. 3.5b). The nano particles of ZnO were 
attached with polyaniline during the curing of the polymer, thus a new phase of 
PANI-ZnO appeared. Hexagonal type structure of the average particle size 20-30 
nm can be seen in the TEM (Fig. 3.5a) of ZnO. However in the TEM image of 
PANI-ZnO (Fig. 3.5b), the ZnO particles is seemed to be encapsulated with 
polyaniline and suggest a new phase of composite material with the particle size of 
30-50 nm. Thus the structure morphology of the materials can be explained with the 
help of XRD pattern, SEM and TEM images. 
Chapter-3 ] 15 
Mohd Khalid, Ph.D. Thesis 
2500 
2000 
O 
U 
m 
1500 
1000 -
500 
Fig 3.3. XRD pattern on ZnO nano particle 
300a 
p^  240 
o 
> i 1800 
0) 120t) 
60 3 
"•••*''' ' ' '*'**'^^ 
"« i imi i> i i i I ,1 III iii^v «ii i|.«,.,i<i K^ 
20 30 40 50 
2 0 
60 
Fig 3.4. XRD pattern of PANI-ZnO nano composite 
J\ 
70 80 
Chapter-3 16 
Mohd. Khalid Ph.D. Thesis 
Fig 3.5. SEM images of polyaniline (a), PANI-ZnO (b) and ZnO (c) 
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Fig 3.6. TEM images of (a) ZnO nano particles and (b)PANI-ZnO 
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In FTIR spectra (Fig 3.7a) a peak observed at 512 cm"' is assigned to Zn-0 of ZnO 
[27] which confirms the formation of ZnO. The hydrogen bonding between the 
imine group of PANI and ZnO nano particle has been confirmed fi"om the presence 
of band at 1148 cm' in the FTIR spectra ofjhe nanocomposite (Fig 3.7b). The 
characteristic peaks of emeraldine salt form of PANI at 1562 cm~' (C=C stretching 
mode of the quinoid rings), 1479 cm"' (C=C stretching mode of benzenoid rings), 
1263 cm"' (C-N stretching mode) and 1124 cm"' (N=Q=N, where Q represents the 
quionoid ring) appear in the FTIR spectrum of PANI-ZnO composite (Fig. 3.7b), 
showing the presence of poly aniline in the composite. 
Fig 3.8 shows the TGA curve of poly aniline and PANI-ZnO composite. It 
can be seen that PANI has decomposed completely before 600 °C. The TGA curve 
of the PANI-ZnO composite (Fig 3.8 a&b) shows the weight loss in the 400-650 °C 
range attributed to the degradation of the skeletal PANI chain structures. Comparing 
Fig 3.8a and b, it can be seen that the thermal stability of the PANI-ZnO composite 
is more than that of pure PANI. This may be due to the formation of hydrogen bond 
between ZnO nanoparticles and polyaniline chain as suggested by FTIR structure. 
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Fig 3.7. FTIR spectra of (a) Zno and (b) PANI-ZnO. 
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Fig 3.8. TGA curve of pure PANI (a) and PANI-ZnO composite (b) 
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3.3.2. Mechanism of Formation of PANI-ZnO Composite 
ZnO nanoparticles, aniline, toluene, ammonium persulphate and water were mixed 
and exposed to magnetic agitation resulting in the formation of emulsion similar to 
that of water in oil. The toluene solution of aniline was in the droplets, while the 
water solution of ammonium persulphate became the continuous phase. The ZnO 
nanoparticles spontaneously assembled at the surfaces of toluene droplets, forming 
toluene/ZnO core-shell structures [28]. Aniline in the droplets diffused to the 
toluene/water interface and was adsorbed on the surface of the ZnO nanoparticles, 
later this adsorbed aniline was polymerized by ammonium persulphate to yield 
PANI. This resulted in PANI enwrapping the ZnO nanoparticles, forming PANI-
ZnO composites. 
3.3.3. Electrical Conductivity 
The conductivities of PANI-ZnO composite with different amounts of ZnO were 
measured by four probe method. The results show that in the studied content range 
of ZnO was 10-40% as shown in Table 3.1, the conductivity of composite increased 
obviously as compared with that of PANI. The conductivity of PANI-ZnO 
composite first increases with the increasing ZnO content and reaches to an 
optimum value of 1.93 S/cm when ZnO content was about 20%, with the further 
increase in ZnO content, the conductivity of PANI-ZnO composite remained almost 
stable. This could be explained by the fact that on one hand, ZnO nano particles 
hindered the carrier transport between different conjugated chains of PANI while on 
the other hand the existence of interaction between PANI and ZnO nano particles 
lead to the reduction of the conjugated lengths in the PANI chains [29,30]. On the 
basis of higher electrical conductivity PANI-ZnO (20%) nanocomposite was 
selected for further studies. 
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Table 3.1. Preparation details of polyaniline-zinc oxide composite. 
Sample ID Amount of 
ZnO (%) 
Amount of 
aniline (mL) 
Electrical 
conductivity o 
(S/cm) 
PANI-ZnO 
PANI-ZnO 
PANI-ZnO 
PANI-ZnO 
PANI-ZnO 
PANI-ZnO 
10% 
15% 
20% 
25% ] 
30% 1 
40% ] 
1 1.08 
I 1.31 
1 1.93 
I 1.94 
1.94 
1.95 
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3.3.4. Sensitivity 
It is well known that zinc oxide is an n-type semiconductor, while PANI is normally 
a p-type semiconductor. This is due to the fact that during the polymerization 
process of aniline, acids (such as HCl) are used, which acts as dopant for PANI 
molecules are usvially bonded with the central N atom of aniline (monomer) 
molecule, like H* - N - C F (other bonds on sides of N atom are left here for the sake 
of clarity). In equilibrium at room temperature, the positive charge of bonded 
hydrogen shifts on N atom, making the structure look like H-N^-CF and the 
negative charge on CF is retained with it and remains localized. The positive charge 
on nitrogen becomes mobile charge in PANI matrix, via its other bonds, making the 
PANI as a p-type semiconductor [31]. 
There are some possible interactions, such as chemical bonding, hydrogen 
bonding and Van der Waals force, between the polyaniline and adsorbed vapor 
molecule. Generally, conductivity sensors made up of polyaniline are based on the 
reversible reaction of acid and base. It is clear that the conductivity response of 
polyaniline is increased when it is exposed to acid atmosphere, and decreased when 
it is exposed to base atmosphere. The surface resistivity of the sensing material 
shows a remarkable change when exposed to different percent of aqueous ammonia 
as a function of time as depicted in Fig. 3.9. Depending on ammonia concentration, 
the response time of the sensor to ammonia exposure ranged from 1 to 10 min, while 
the recovery time was about 20 min when returned to air. It shows that resistivity of 
the material increases when it is exposed to increasing percentage i.e. 5%, 10% and 
15% of aqueous ammonia. On exposure to lower concentration of aqueous ammonia 
(5% and 10%), the material attains a lower change in resistivity values than 15%. 
When protonic acid (HCl) doped PANI-ZnO nanocomposite is exposed to 
aqueous ammonia solution, it is the dopant which interacts with NH"^  ions through 
the formation of weak charge complex structure [Cf NH4'^ ]. Under this condition the 
mobility of the dopant ion is restricted causing an increase in the resistivity [32,33]. 
Hence the charge complex is neutral in nature and attains a time dependent stability 
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with different concentration of aqueous ammonia. This is the reason when 
composite is kept in air, the resistivity value regained was higher than the original 
value. This weak charge complex structure, dissociates after certain specific period 
of time when kept at room temperature in air. The proposed structure of P ANI-ZnO 
composite can be shown according to scheme 1 which is given below. 
.+ CI NH4 CI NH4 
Scheme 1 
The result shows that the change in resistivity values after and before exposing to 
aqueous ammonia. Moreover, the sensing ability of the PANI-ZnO composite sensor 
is significantly improved in the presence of ZnG, which could be attributed to the 
higher vapors permeability of the composite, due to the larger surface area provided 
by ZnO present in the composite near the imine nitrogens. However, for blank PANl 
the response value increases linearly up to 15% and saturates thereafter or slightly 
decreases for larger ammonia concentrations. In case of PANI-ZnO nanocomposite, 
a smooth increase of response was seen upto 15% and then it remains constant 
thereafter, ft can be seen that at 15% concentration of aqueous ammonia vapor, both 
for pure PANI and PANI-ZnO composite had highest response as depicted in Fig 
3.10. 
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3.3.5. Repeatability 
We also studied the response and recovery time of the composite with respect to 
ammonia vapor exposure. The response time, and the recovery time are defined as 
the time required for sensor resistivity to reach its saturation value from the starting 
value on gas exposure and on removal of the gas, respectively. In case of pure 
PANI, the response time was relatively fast but as usual the recovery times were 
relatively larger than that of PANI-ZnO nanocomposite. It indicates that the larger 
recovery times are due to the slower out diffusion rate (concentration dependent) of 
the gas. It may be seen that the PANI-ZnO nanocomposites showed faster recovery 
time as compared to the pure PANI. The typical repeating response of the PANI-
ZnO nanocomposite with respect to time, for repeated exposure and removal of 
ammonia vapor is discussed as follows: 
On exposing the sensing material for 1 min, in the presence of 15% aqueous 
ammonia, the change in the resistivity was observed from 7.41 (initial resistivity) to 
7.82 ^cm (due to the deprotonation of polyaniline by adsorption of NH3) and later 
when it was kept in air for 5 min, the resistivity falls back to 7.73 i^cm. When the 
sensor was purged with air, the resistivity was observed to recover slowly due to 
desorption of ammonia gas molecules from the surface of sensing material. When 
the material was again exposed to 15% ammonia vapor for 1 min, the resistivity 
observed was 8.17 flcm and on returning to air for 5 min the resistivity came back 
to 7.83 f2cm. On repeating the experiment, the initial resistivity could not come 
back. The cyclic tests showed similar responses more than five times. Similar 
comparative studies of cyclic response behavior of the sensing material were 
performed for 5% and 10% ammonia vapor and air with respect to time; Fig 3.11 
shows the repeating response of electrical resistivity with respect to time at room 
temperature. It was found that the change in resistivity response was somewhat less 
for 5% and 10% as compared to 15% aqueous ammonia concentration. 
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3.3.6. Stability in Terms of DC Electrical Conductivity Retention 
As reported earlier the conductivity of the composite material depends on time and 
temperature [33-35]. The isothermal stability of the composite material in terms of 
DC electrical conductivity retention was carried out at 50 °C, 70 °C, 90 "C, 110 °C 
and 130 °C in an air oven. The electrical conductivity measurements were done five 
times every after an interval of 10 minutes at a particular temperature. The electrical 
conductivity was measured with respect to time and is presented in Fig 3.12. It was 
observed that all the composite materials followed Arrhenius equation for the 
temperature dependence of the electrical conductivity from 50 to 90 "C and after that 
a deviation in electrical conductivity was observed, which may be due to the loss of 
dopant and degradation of materials. The stability of PANI-ZnO composite in terms 
of DC electrical conductivity retention was found to be fairly good as studied by 
isothermal technique. The polyaniline-zinc oxide composite can be used in 
electrical and electronic applications below 90 °C under ambient conditions. 
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3.4. CONCLUSION 
ZnO nano particles were prepared using simple chemical approach. A good yield of 
ZnO nearly hexagonal crystal structure at relatively high purity and low cost was 
obtained by this method. PANI-ZnO nanocomposite has been synthesized by in situ 
chemical oxidative polymerization method. The materials were well characterized 
by XRD, TEM, FTIR and SEM. The PANI-ZnO nanocomposite could be a good 
material for NH3 detection at room temperature. We can notice that the present 
sensor exhibits very attractive performances such as good electrical conductivity, 
sensisitivity and reversibility which are very important parameters for evaluating 
sensor properties. The incorporated ZnO nano particles played a significant role by 
enhancing the porosity and the surface activities of the composite material. Thermal 
stability in terms of DC electrical conductivity retention is fairly good as studied by 
several experimental techniques. Most of the formulations of the composites 
prepared so for are suitable for use in electrical and electronic applications below 90 
°C under ambient conditions. 
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NOVEL CONDUCTIVE FIBERS BASED ON 
POLYANILINE AND POLYACRYLONITRILE 
4.1. INTRODUCTION 
Recently, material science has been shown to offer many effective methods for the preparation of conductive fibers based conducting polymers for several 
applications such as in light emitting diodes, supercapacitors, chemical sensors and 
nonlinear optics [1—4]. Electrospinning is a process by which fibers with sub-
micron diameters can be obtained. Recently [5], we have prepared conductive fibers 
ofpolyanilinerpolyacrylonitrile by stirring aniline and polyacrylonitrile solution 
with the help of magnetic bar. In this technique the conductivity of the fibrous 
material depends on the ratio of conducting polymer present in the fibrous material. 
It is difficult directly to form fibers of conducting polymers. Thus stirring process is 
applied to form fibers of conducting polyaniline and polyacrylonitrile. Electrically 
conducting polymers are an important and interesting class of new organic materials 
that have gained considerable attention in the recent years. These polymers have 
been used in many applications including sensors [6,7], switchable membranes [8], 
anticorrosive coatings [9,10], biosensors [11], electrochromic devices [12] and 
rechargeable batteries [13,14]. Most of the works in this area are focused on the 
dynamic reversible redox properties of the polymers. One of the most important 
class, ES of conducting polymers has been studied extensively [15]. Polyaniline can 
be doped and undoped on exposure to an acidic or alkaline environment without 
changing the number of ;t-electrons in the polymer [16]. This mechanism can be 
attributed to the presence of -NH and - N - groups in the polymer backbone whose 
protonation and deprotonation brings a change in the electronic conductivity as well 
as in the color of the polymer [17]. It is believed that all or some of the nitrogen 
atoms (amines or imines) in any species can be protonated with pro tonic acids [l^. 
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This aspect of doping and undoping makes polyaniline and its analogs highly 
suitable for industrial applications. 
The electronically conductive polymeric filler can also have a strong effect 
on the electrical properties (DC conductivity and AC impedance) of the composite, 
but only when the fillers are highly conductive compared to the matrix [19,20]. 
Long, thin inclusions like fibers, which are insulating with respect to the matrix, 
have little effect on overall electrical properties [21], although they can affect 
mechanical properties. The electrical behavior of the fibers due to the presence of 
highly conductive filler is typically discussed with reference to the percolation 
threshold [22,23]. When enough conductive filler have been added to the matrix, the 
fibers are above the percolation threshold, which is defined as a characteristic 
volume or number fraction of filler at which continuous paths for electrical current 
exist in the composite. Some of these paths can occur through parts of the matrix 
where there is dielectric breakdown between filler tips, although most of the 
conduction is probably through touching fillers. PAN is one of the most important 
polymers for making fiber because of its high strength, high abrasion resistance and 
good insect resistance. In the present study, the fibers were made up of insulating 
polymer (polyacrylonitrile) with conducting polymer (polyaniline). These fibers are 
a new promising material from two perspectives; first the electrical conductivities 
are enough for a broad range of applications, secondly the formation of fibers using 
stirring technique in this study is superior to chemical synthesis given the 
consideration of time and cost parameters. 
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4.2. EXPERIMENTAL 
4.2.1. Reagents and Chemicals 
The following reagents and chemicals were used: Aniline, 99% (CDH, India), 
Polyacrylonitrile (from Research, Design and Standard Organization, India), 
Hydrochloric acid, 35% (E. Merck, India), Sulfuric acid (Qualigens), Perchloric acid 
(E. Merck, India), Ammonium persulphate, (CDH, India) and Tetrahydrofuran 
(CDH, India). All the experiments were conducted with double distilled water. 
4.2.2. Preparation of Conductive Fibers 
Conducting fibers of PANI:PAN composite were prepared in various volume ratios 
of aniline with polyacrylonitrile solutions by stirring vigorously at room 
temperature. Igm of polyacrylonitrile was dissolved in 25 mL of tetrahydrofuran 
and different volumes (1, 3, 5 and 6 mL) of aniline were added to this 
polyacrylonitrile solution (Table 4.1). The solutions were well mixed with glass rod 
and then was poured drop wise in water with vigorous stirring to prepare the fibers. 
The prepared fibers were kept in 200 mL of O.IM (NH4)2S20g solution and 
refrigerated overnight in order to oxidative polymerize aniline in the 
polyacrylonitrile matrix. The fibers were washed with doubly distilled water and 
acetone and were left overnight with 2% ammonia solution, it was again washed 
with doubly distilled water, resulting in base free and undoped fibers. These fibers 
were doped with O.IM (HCl, H2SO4 and HCIO4) acid solutions to convert the 
polyaniline emeraldine base into electrically conducting fibers. The pellets of these 
fibers were made by hydraulic pressure machine (25 KN). DC conductivity 
measurements of the fibers were performed at room temperature using four in-line 
probes (DMV 001 Roorkee, India). 
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Table 4.1. Preparation details of poly aniline :poly aery lonitrile composite fibers. 
Sample ID 
PANI:PAN-1 
PANI:PAN-2 
PANI:PAN-3 
PANI:PAN-4 
PAN(g) 
1 
1 
1 
I 
THF 
(mL) 
25 
25 
25 
25 
Amount of aniline in 
Ig of PAN solution 
(mL) 
1 
3 
5 
6 
Electrical 
conductivity a 
(S/cm) 
-10"^ 
-^ 10-^  
-^10-' 
-10-' 
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4.2.3. Characterization 
The FTIR spectra of polyaniline and conducting fibers were recorded by Perkin 
Elmer-1725 instrument. The SEM studies were performed on a LEO-435 VP 
instrument to examine the surface morphology of the fibers and their components. 
The thermogravimetric analysis (TGA) were performed on the composite using 
Perkin Elmer (Pyris Dimond) instrument heating the materials from ~25 "C to 600 
"C at the rate of 10 °C min"' in nitrogen atmosphere with the flow rate of 30 
mL/min. The XRD patterns were recorded using CuK,, radiation with the help of X-
ray diffractometer 9 Philips PW 17290. The DC electrical conductivity of the 
differently doped fibers pellet was measured with increasing temperature (35 "C to 
130 °C) using four-in-line probes, DC electrical conductivity measuring instrument. 
DC electrical conductivity (a) was calculated using the following equations-
P = Po/Gy(W/S) (1) 
Gj(W/S) = (2S/W)ln2 (2) 
Po=(V/I)2nS (3) 
a=l/p (4) 
Where G7(W/S) is a correction divisor which is a function of thickness of the sample 
as well as probe-spacing while I, V, W and S are current (A), voltage (V), thickness 
of the film (cm) and probe spacing (cm) respectively. The isothermal stability of the 
pellets in terms of DC electrical conductivity retention was carried out on the 
selected samples at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C in an air oven. The 
electrical conductivity measurements were carried out at an interval of 15 min. 
The sample to be tested was placed on the base plate of four-probe 
arrangement and the probes were allowed to rest in the middle of the sample. A very 
gentle pressure was applied on the probes and then it was tightened in that position 
so as to avoid piercing of the probes into the sam^ples. This arrangement was placed 
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in electrically controlled oven. The current was passed through the outer probes and 
the floating potential across the inner pair of probes was measured. The power 
supply of the oven was then switched on and the temperature was allowed to 
increase gradually. The current and voltage were recorded simultaneously with rise 
in temperature. 
4.3. RESULTS AND DISCUSSION 
4.3.1. Electrical Properties 
The electrical conductivity of the fibers having 1, 3, 5 and 6 mL of aniline increases 
from 10"^  to 10"' S/cm after doping the fibers in hydrochloric acid for 24 h. The 
effect of aniline content on electrical conductivity of the PANI:PAN composite 
fibers is plotted in Fig. 4.1. When the volume fraction of aniline reaches to 5 mL, 
the conductivity increases from 10"^  to 10~' S/cm. The saturation in conductivity 
also reached when amount of aniline reaches to 5 mL. The conductivity increases 
sharply when the volume ration of aniline is less than 4 mL, after that it gradually 
reached to 10"' S/cm when amount of aniline reaches to 5 mL. It is evident that the 
percolation of the conductive fibers should be less than 5 mL of aniline volume. 
Hence, the threshold conductivity was reached with 5 mL of aniline loading. Fibers 
of PANLPAN composite with 5 mL aniline has also shown better conductivity as 
compared to our previous reported work [24,25]. Therefore, the fibers (5 mL of 
aniline solution) were selected for the study of temperature dependence of electrical 
conductivity up to 100 °C with different doping agents' viz. HCI, H2SO4 and HCIO4 
(0.1 M). The fibers doped with H2SO4 and HCIO4 had lower magnitude of 
conductivity when compared to fibers doped with HCI (Fig. 4.1). 
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Fig 4.1. Conductivity versus HCl, H2SO4 and HCIO4 doped composite fibers 
with increasing temperature (30 tolOO °C). 
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4.3.2. FTIR Characterization 
The interaction between polyaniline and the polyacrylonitrile matrix was 
investigated via fourier-transform infrared spectral analysis. Fig. 4.2 shows the 
FTIR spectra of polyaniline, polyacrylonitrile and hydrochloric acid doped fibers 
and the FTIR values are presented in Table 4.2. The band corresponding to out of 
plane bending vibration of C-H bond of p-disubstituted benzene rings appears at 
824 cm"'. The bands corresponding to stretching vibration of N-B-N and N=Q=N 
structures appeared at 1497 cm"' and 1587 cm"' respectively where - B - and =Q= 
stands for benzenoid and quinoid moieties in the polyaniline. These relative lower 
frequencies of benzenoid and quinoid ring stretching are due to the salt formation 
with HCl [26]. The bands corresponding to vibration mode of N=Q=N ring and 
stretching mode of C-N bond appears at 1143 cm"' and 1302 cm"'. The FTIR 
spectrum supports the presence of benzenoid as well as quinoid moieties in the 
polyaniline [27]. The characteristic broad band for -CN groups in polyacrylonitrile 
appeared around 1995 cm"'. The peaks at 3251, 3239 and 3280 cm"' were observed 
for PANI:PAN(1), PANI:PAN(2) and PANI:PAN(3) respectively. As the amount of 
polyaniline increased the intensities of these peaks also increased. Other 
characteristic peaks for conducting fibers of PANI:PAN composite were also 
observed at 2239 and 1162 cm"'. Two characteristic bands for CH2 appeared around 
1451 cm"' and 750 cm"' for the bending and rocking vibrations, respectively. In the 
spectrum a broad band in the region at 3370 cm"' may be due to the presence of 
external water molecule, while a sharp peak in the region at 1644 cm"' is referred to 
the bending vibration of water. In the composite, the gradual increase in the 
intensities of the bands corresponding to PANI and decrease in the band corresponds 
to PAN supports the gradual change in the composition of the composite 
formulation as evident from FTIR spectra. 
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Fig 4.2. FTIR spectra of (a) PANI, (b) PAN, (c) PANI:PAN-1, (d) PANI:PAN-2 
and (e) PANI:PAN-3 
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Table 4.2. FTIR peak positions (cm ') of polyaniline, polyacrylonitrile and fibers of 
polyanilinerpolyacrylonitrile composite. 
PANI 
3259 
3035 
2846 
2358 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
PAN 
3969 
3652 
3555 
3442 
2950 
2844 
2653 
2598 
2414 
2051 
1995 
1726 
1637 
1451 
1387 
1069 
983 
954 
912 
842 
827 
810 
750 
655 
524 
PANI:PAN1-1 
3417 
3251 
2950 
2230 
2049 
1965 
1726 
1603 
1457 
1387 
1145 
1034 
988 
912 
841 
827 
810 
750 
694 
618 
554 
509 
PANI:PANl-2 
3439 
3239 
3004 
2234 
2049 
1965 
1736 
1580 
1427 
1384 
1267 
1104 
1064 
985 
911 
841 
826 
810 
750 
693 
583 
510 
PANI:PAN-3 
3469 
3280 
3007 
2239 
2048 
1959 
1724 
1580 
1427 
1387 
1266 
1162 
1064 
983 
913 
841 
825 
803 
751 
696 
588 
510 
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4.3.3. SEM Studies 
Fig. 4.3(a,b) shows the photographs of conducting fibers of PANIrPAN composite 
and PAN fibers. Fig. 4.3(c,d) shows the SEM micrographs of fibers pellet and single 
conducting fiber. The cross section of the conductive fiber containing 5 mL of 
aniline in PAN solution can be seen to consist of some dark spots and bright grooves 
Fig. 4.3(d). The intensity of grooves becomes more intense at certain places, where 
the conductive particles are present in aggregated structure within the polymeric 
matrix. The dark region is related to conductive polyaniline phase, while the bright 
region is related to non conducting polyacrylonitrile phase. It is observed that 
polyaniline content is markedly localized in the polyacrylonitrile matrix. In the 
above SEM micrograph, an excellent dispersion between two components is seen in 
which about 15-20% dark phase of polyaniline can be observed clearly. 
4.3.4. TGA Studies 
As evident from Fig. 4.4 the TGA analysis showed that the small weight loss (~ 2%) 
upto 151 °C is due to the loss of water molecule and other volatile materials. There 
is extremely little weight loss (~ 6.1%) up to 301 °C, which may be due to the loss 
of low molecular weight oligomers, which strongly suggests that the fibers are 
thermally stable up to 300 °C under oxidative conditions. The thermo-oxidative 
degradation starts beyond this temperature, accompanied by a massive weight loss 
of the polymer. This weight loss in the last step is due to thermo-oxidative 
degradation of the polymer. 
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Fig 4.3, Photographs of (a) fibers of PANI:PAN and (b) PAN fibers. 
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SEM micrographs of (c) pellet of fibers of PANIrPAN and (d) PANI:PAN 
fiber. 
TGA 
mg 
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start 
End 
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-0,758ma 
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451.36C 
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451.36C 
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200.00 400.00 
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Fig 4.4. TGA curve of PANIrPAN (3). 
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4.3.5. XRD Studies 
The XRD of polyaniline base, salt and polyanilinerpolyacrylonitrile composite fiber 
are shown in Fig. 4.5. The polyaniline base exhibits the main peak at 20 -19.3°, 
while the salt exhibits diffraction peaks at 29 ~ 24.9°. These peaks indicate that 
polyaniline is a semicrystalline polymer as reported by Djurado et al. [28] and 
Laridjani et al. [29]. Its intrinsic crystallinity is due to the presence of a polar 
nitrogen atom in the main backbone chain, while in the salt the presence of polarons 
or charge defects enhances its crystallinity. The XRD pattern of the PANI:PAN fiber 
do not show any characteristic peaks and suggests an amorphous nature as shown in 
Fig 4.5. 
PANI salt 
PANI base 
PANI-PAN 
Fig 4.5. XRD pattern of PANI base, salt and fiber of PANI:PAN(3). 
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4.3.6. Isothermal Stability in Term of DC Electrical Conductivity Retention 
The fibers were observed to show enhanced electrical conductivity on exposure to 
HCl, due to the charge-transfer reaction between conducting fibers and doping 
agents, HCl [30,31]. 
[PANI(PAN)] + n HCl ^ [(PANI-nir(PAN)][(nCr)] (5) 
The stability of electrical conductivity under isothermal conditions at 50°C, 
70°C, 90°C, 110°C and 130°C of the differently doped fibers pellet has been 
conducted at different temperatures. The DC electrical conductivity was measured at 
an interval of 15 min in the accelerated ageing experiment as shown in Fig. 4.6. It 
has been observed that the electrical conductivity is stable at 50 °C, 70 °C and 90 
°C which support the fact that the fibrous materials are sufficiently stable under 
ambient conditions in terms of DC electrical conductivity retention below 90 °C. 
The decrease in electrical conductivity with time in isothermal ageing at 110 °C and 
130 "C may be attributed to the loss of dopant and the chemical reaction of dopant 
with polymer i.e. degradation of polymer composites. 
Chapter-4 \ 53 
Mohd. Khalid, PhD. Thesis 
2. % 
• > 
3 
•a c 
8 
S 
•c 
• c 
UJ 
20 
1 5 
1 0 
05 
00 
95 
90 
85 
80 
75 
70 
65 
80 
-1 0 
E 
4 
p~ 
'S 
t3 
T3 
C 
8 
S 
B 
LU 
,-^  fc o 
<h 
?? 
> 
r) 3 
T3 
C 
o (J 
« 
Si 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
n 
0 
0 
0 
n 
0 
0 
0 
0 
. 2 0 
.1 5 
.1 0 
ns 
0 0 
.9 t) 
. 9 0 
. 8 5 
. 8 0 
7 5 
7 0 
6 5 
6 0 
. 3 5 
. 3 0 
. 2 5 
. 2 0 
.1 5 
.1 0 
. 0 5 
0 0 
9 5 
9 0 
. 8 5 
8 0 
7 5 
7 0 
6 5 
6 0 
5 5 
1 0 
0 . 5 0 
\ 
' • 
• 
^^^s~--~ 
; 
" 
(a) 
-
• 1 1 r 
^~^ 
z^ * 
\ ;N 
1 1 r 
• 
•..^ ^^ 
^ „ £ i S — — " 
• 
so'c 
—5 7n°r. 
_ _ _ _ , 9 0°C 
^ — — ^ 
1 3 0 ° C 
• • 
1 0 20 30 40 
T im e (m in ) 
50 60 70 
• 
-
^^^^~~~ 
; 
(b) 
m 
^ N 
. AT 
. • 
_^^^^^^^  
•..^^ 
- ! - • . • 
. ^ p ^ - ^ ^ 
• 
~~~~~-~-^  
~^~^ * 
SCC 
— 5 7n°c 
_ _ ^ ^ — • 9 0°C 
1 1 0°C 
^ — ' W 
1 30°C 
• 1 • 1 • 
1 0 20 30 40 
T im e (m in ) 
50 60 70 
10 20 30 40 
Tim e (m In) 
5 0 6 0 70 
Fig 4.6. DC electrical conductivity retention under isothermal conditions at 
50 °C, 70 "C, 90 °C, 110 °C and 130 "C of (a) HCI, (b) H2SO4 and (c) HCIO4 
doped fibrous PANI:PAN(3). 
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4.4. CONCLUSION 
Electrically conductive and isothermally stable conducting fibers of PANI:PAN 
composite were prepared by stirring process. It was found that the fibers which 
contained 5 mL of aniline gave best results. From the above mentioned studies, it 
can be concluded that the electrical properties of fibers strongly depends on doping 
types and counter ion of the dopant which has an effective control on the mechanism 
of electrical conductivities of the fibers. The conducting fibers of PANI:PAN 
composite could be useful for many applications that require a combination of 
electrical conductivity with isothermal stability. 
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NEW CONDUCTIVE FIBERS BASED ON 
POLYANILINE AND NYLON-6,6 
5.1. INTRODUCTION 
The polymeric fibers have a strong effect on the electrical properties (DC conductivity and AC impedance) of the composite, given that the composite 
fibers are highly conductive compared to the matrix [1-3]. Long, thin inclusions like 
conductive fibers, with respect to the insulating matrix, have little effect on overall 
electrical properties [3]. The effect on the electrical behavior of composite due to the 
presence of highly conductive fibers is typically discussed with reference to the 
percolation threshold of the fibers [4,5]. Amount of fibers in the matrix can be 
varied, and when enough fibers are added to the matrix the percolation threshold is 
reached, which is defined as a characteristic volume or number fraction of fibers at 
which continuous paths for electrical current exist in the composite. Some of these 
paths can occur through parts of the matrix where there has been dielectric 
breakdown between fiber tips, although most of the conduction is probably through 
the fibers that touch with each other. In the present study, the electrical property 
relationships of such a composite material, made up of an electrically conductive 
matrix with conducting polyaniline contains small amounts of short conductive 
fibers. PANI:Ny-6,6 conducting fibers are a new promising material from two 
perspectives. First, the electrical conductivities are enough for a broad range of 
applications. Second, the formation of composite fibers using magnetic stirring in 
this study is superior to chemical synthesis given consideration of time and cost 
parameters. 
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5.2. EXPERIMENTAL 
5.2.1. Reagents and Chemicals 
The following reagents and chemicals were used: Aniline, 99% (CDH, India), 
Nylon-6,6 (from Research, Design and Standard Organization, India), Formic acid 
(E. Merck, India), Hydrochloric acid, 35% (E. Merck, India), Sulfuric acid 
(Qualigens), Perchloric acid (E. Merck, India), Ammonium persulphate, (CDH, 
India) and Tetrahydrofuran (CDH, India). All the experiments were conducted with 
double distilled water. 
5.2.2. Preparation of Conductive Fibers 
PANI:Ny-6,6 conducting fibers were prepared with various weight percentage of 
aniline solution (IM HCl) using stirring process at room temperature. Igm beads of 
nylon-6,6 was dissolved in 25 mL of formic acid, after which this solution of nylon-
6,6 was added drop wise in 5%, 10%, 15% and 20% weight solution of aniline 
(Table 5.1). Prior to the mixing of nylon-6,6 solution, the aniline solution was stirred 
for half hour. The prepared fibers were kept in 250 mL glass beaker and refrigerated 
overnight, after that it was kept in 200 mL of IM (NH4)2S20g solution for oxidative 
polymerization of aniline in the nylon-6,6. The prepared composite fibers were 
washed with doubly distilled water and later with acetone, it was then left overnight 
with 2% aqueous ammonia solution to convert it into base form. The resulting 
undoped composite fibers was washed with doubly distilled water to make it base 
free. These fibers were doped with O.IM (HCl, H2SO4 and HCIO4) acid solutions to 
convert the polyaniline emeraldine base into the salt form which made the fibers 
electrically conductive. The pellets of these fibers were made by hydraulic pressure 
machine. 
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Table 5.1. Preparation details of polyaninline:nylon-6,6 composite fibers 
Sample ID NyIon-6,6 Formic Amountof aniline in Electrical 
(g) acid 200mLoflMHCI conductivity a (S/cm) 
(mL) (rnL) 
PANI:Ny-6,6-5% 1 30 5 M?^ 
PANI:Ny-6,6-10% 1 30 10 -lO" 
PANl:Ny-6,6-15% 1 30 15 -10"^ 
PANI:Ny-6,6-20% 1 30 20 ~AQi^ 
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5.2.3. Characterization 
The FTIR spectra of polyaniline and conducting fibers were recorded by Perkin 
Elmer-1725 instrument. The SEM studies were performed on a LEO-435 VP 
instrument to examine the surface morphology of the fibers and their components. 
The thermogravimetric analysis (TGA) were performed on the composite by using 
Perkin Elmer (Pyris Dimond) instrument heating the materials from -25 °C to 600 
°C at the rate of 10 °C min"' in nitrogen atmosphere with the flow rate of 30 
mL/min. The DC electrical conductivity of the differently doped fiber pellets was 
measured by four-in-line probes. 
5.3. RESULTS AND DISCUSSION 
5.3.1. Electrical Properties 
Flexible fibers of PANI:Ny-6,6 composite were produced by stirring with magnetic 
bar. The conductivity increased with increase in aniline content and reached 
maximum when aniline loading was 20%, same observation has also been seen in 
previous reported work [7,8]. The electrical conductivity series (5%, 10%, 15% and 
20%) of fibers ranged fi-om ~10"^- 10'' S/cm for 24 hour doping with hydrochloric 
acid as seen in Fig 5.1, because of the higher conductivity the 20% weight solution 
of fibers was selected for the study of temperature dependence of electrical 
conductivity up to 100°C with different doping agents viz. O.IM (HCl, H2SO4 and 
HCIO4). The conducting fibers of PANI:Ny-6,6 composite doped with sulfuric acid 
and formic acid had lower magnitude of conductivity when compared to fibers 
doped with hydrochloric acid as seen in Fig 5.2. DC conductivity studies of the 
fibers of PANI:Ny-6,6 composite strongly depend on the doping types. From the 
observations it can be concluded that the counter ion of the dopant has an effective 
control on the mechanism of electrical conductivity of fibers. 
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Fig 5.1. Electrical conductivity (S/cm) as a function of polyaniline fraction 
in polyaniline:nylon-6,6 composite fibers. 
Chapter-5 164 
Mohd. Khalid, Ph.D. Thesis 
0 
1000/T(K) 
?-1 
o 
5-2 
^ - ^ 
0 
-4 
°-5 
^ - 6 
:^  
• perchloric 
acid doped 
sulfuric acid; 
doped 
A hydrochloric 
acid doped 
Fig 5.2. Conductivity versus HCi, H2SO4 and HCIO4 doped composite fibers 
with increasing temperature (30 to 100°C). 
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5.3.2. FTIR Characterization 
The interaction between polyaniline and nylon-6,6 matrix was investigated via 
fourier-transform infrared spectral analysis. Fig 5.3 shows the FTIR spectra of 
aniline, nylon-6,6 and hydrochloric acid doped fibrous conducting PANI:Ny-6,6 
(20% w/w) and the FTIR values are presented in Table 5.2.The bands corresponding 
to stretching vibration of N-B-N and N=Q=N structures appear at 1497 cm' and 
1587 cm' respectively where -B- and -Q- stand for benzenoid and quinoid 
moieties in the polymer. The bands corresponding to vibration mode of N=Q=N ring 
and stretching mode of C-N bond appear at 1143 cm"' and 1302 cm'. The band 
close to 1130 cm"' is described as being characteristic band of the conducting 
polymer due to the delocalization of electrical charges caused by deprotonation. The 
FTIR spectrum supports the presence of benzenoid as well as quinoid moieties in the 
polyaniline. The characteristic bands around 688, 1642 and 3303 cm"' can be 
attributed to nylon-6,6. The prepared fibers of PANI:Ny-6,6 shows a strong band 
around 1650 cm"' which can be attributed to the carbonyl group of nylon-6,6. For 
polyaniline, the band corresponding to out of plane bending vibration of C-H bond 
of p-disubstituted benzene ring appears at 824 cm"'. The bands corresponding to 
stretching vibration of N-B-N and N=Q=N structure appear around 1377 cm"' and 
1500 cm"' respectively (where -B- and =Q= stand for benznoid and quinoid 
moieties in the polymer). The band corresponding to stretching mode of C-N bond 
appears at 1504 cm"' [9]. The gradual increase in the intensities of the bands 
corresponding to polyaniline and decrease in the intensities of bands corresponding 
to nylon-6,6 supports the gradual change in the composition of the composite 
samples as evident fi-om Fig 5.3. 
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Fig 5.3. FTIR spectra of (a) polyaniline, (b) nylon-6,6 and (c) 
polyaniline:nylon-6,6 composites fibers (20%). 
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Table 5.2. FTIR peak positions (cm") of polyaniline (PANI), Nylon-6,6 and fibers 
of polyaniline :nylon-6,6 composite. 
PANI 
3259 
3035 
2846 
2354 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
Ny-6,6 
3680 
3423 
3078 
2927 
2860 
2361 
1642 
1545 
1466 
1418 
1370 
1274 
1200 
1146 
1054 
934 
688 
582 
534 
405 
PANI: 
Ny-6,6-1 
3303 
3081 
2934 
2859 
2358 
1638 
1538 
1473 
1417 
1371 
1275 
1199 
1164 
1145 
1051 
953 
689 
580 
534 
PANI: 
Ny-6,6-2 
3303 
3077 
2933 
2858 
2358 
1637 
1534 
1473 
1417 
1368 
1275 
1198 
1164 
1145 
1045 
934 
826 
688 
579 
531 
PANI: 
Ny-6,6-3 
3302 
3069 
2930 
2857 
2356 
1636 
1538 
1472 
1416 
1369 
1273 
1198 
1164 
1145 
933 
829 
687 
578 
530 
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5.3.3. SEM Studies 
Fig 5.4 (a-d) shows the digital photograph and SEM micrographs of fibers of 
PANI:Ny-6,6, nylon-6,6 fibers, PANI:Ny-6,6 composite fiber pellet and fibers of 
PANI:Ny-6,6 composite respectively. Evidently, the fibers of PANI:Ny-6,6 were 
soft and homogeneous formation of fibers of polyaniline in the nylon-6,6 matrix 
was observed. 
5.3.4. TGA Studies 
As evident from Fig. 5.5 the TGA analysis showed that the small weight loss (~ 3%) 
up to 150 °C which is due to the loss of water molecule and other volatile materials. 
There is extremely Httie weight loss (~ 6.5%) up to 300 °C, due to the loss of low 
molecular weight oligomers, which strongly suggests that the fibers are thermally 
stable up to 300 °C under oxidative conditions. The thermo-oxidative degradation starts 
beyond this temperature, accompanied by a massive weight loss of the polymer. This 
weight loss in he last step is due to the thermo-oxidative degradation of the polymer. 
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Fig 5.4. (a) Digital photograph of PANI:Ny-6,6 composite fibers (HCi doped) (b) 
digital photograph of nylon-6,6 fibers (c) SEM photograph of PANl:Ny-6,6 
composite fibers pellet (HCI doped) and (d) SEM photograph of PANI:Ny-6,6 
composite fibers 
Chapter-5 170 
Mohd. Khalid, Ph.D. Thesis 
mg^  
10.0Q-
1 Stan 
End 
: MidPoht 
\ Weight Loss 
' 
40.59C 
150.70C 
134.7SC 
-0,422mg 
-3,723% 
' - Start 
End 
MidP<Mnt 
WelgMLoss 
15O.70C 
301.05C 
151.70C 
-0.742m9 
•6.547% 
5.oa 
O.OQ 
ok 200.00 400.00 
Temp [C] 
600.00 
Fig 5.5. TGA curve of PANI:Ny-6,6 composite-20% 
Chapter-5 171 
Mohd Khalid, Ph.D. Thesis 
5.3.5. Isothermal Stability in Term of DC Electrical Conductivity Retention 
The fibers pellets were observed to show enhanced electrical conductivity on 
exposure to HCl, due to the charge-transfer reaction between fibrous conducting 
PANI:Ny-6,6 and doping agents, HCl [10,11]. 
[PANI(Ny-6,6)] + n HCl ^ [(PANI-nH'-C Ny-6,6)] [(nCl")] (1) 
The stability of electrical conductivity under isothermal conditions at 50 °C, 70 °C, 
90 °C, 110 °C and 130 °C of the differently doped fibers pellet was studied. The DC 
electrical conductivity was measured at an interval of 15 min. in the accelerated 
ageing experiment shown in Fig. 5.6. It has been observed that the electrical 
conducfivity is stable at 50 °C, 70 °C 90 °C, 110 °C and 130 °C for the fibrous 
conducting PANI:Ny-6,6, which supports the fact that the fibrous materials are 
sufficiently stable under ambient conditions in terms of DC electrical conductivity 
retention below 90 °C. The decrease in electrical conductivity with time in 
isothermal ageing at 110 °C and 130 °C may be attributed to the loss of dopant and 
the chemical reaction of dopant with polymer i.e. degradation of polymer 
composites. 
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Fig 5.6. DC electrical conductivity retention under isothermal 
conditions at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C of (a) HCl 
doped (b) H2SO4 and (c) HCIO4 doped polyaniline:nylon-6,6 
composite fibers (20%). 
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5.4. CONCLUSION 
Electrically conductive and isothermally stable fibers of PANI:Ny-6,6 composite 
were prepared by stirring process using nylon-6,6 solution and aniline solution. The 
fibers containing 20% weight of aniline gave best results. These conducting fibers 
material could be promising candidates for many applications that require a 
combination of electrical conductivity with isothermal stability. 
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HUMIDITY AND AMMONIA VAPOR 
SENSING APPLICATION OF POLYANILINE: 
POLYACRYLONITRILE COMPOSITE FILMS 
6.1. INTRODUCTION 
Conducting polymers are new class of materials with a potent application in a number of growing new technologies, such as energy storage [ 1 ^ ] and opto-
electronic devices [5,6]. They are prominent new materials for the fabrication of 
chemical sensors [7]. Among all conducting polymers, polyaniline (PANI) has 
recently achieved widespread importance because of its unique conduction 
mechanism and high environmental stability. Conducting polyaniline has been used 
as sensing material for different vapors like methanol, ethanol, acetone, benzene and 
also for various gases like ammonia and hydrogen [8,9]. The importance of 
humidity sensing has been well understood and much research has been focused on 
the development of humidity sensitive materials. It has become evident in the recent 
years that the influence of humidity is of paramount importance in many areas, such 
as in moisture sensitive products, storage areas, computer rooms, hospitals, 
museums, libraries, high voltage engineering and accelerator systems. The 
conductivity of the polymers can be varied by different doping agents, and these 
dopants are generally used for doping polyaniline which include perchloric acid, 
sulphuric acid, hydrochloric acid as reported in our previous work [10]. Over the 
past few years, attention has been devoted to the use of conducting polymeric 
composites as a fabricating material for sensor devices [11]. The sensor from these 
conducting polymeric composites can be made in different ways. The sol gel method 
is an excellent method of producing conducting polymeric composite and these have 
been extensively investigated as sensor material for gas and humidity sensor [12]. 
There has been much research focused on understanding the charge transfer nature 
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of PANI and requirements of the polymer for operation in various environments viz. 
humid air, dry air, under different gas atmospheres and biological environmental, 
Prigodin et. al. [13] details the charge transfer mechanism for conducting polymer in 
its metallic state as a fimction of temperature. Other authors correlate the charge 
transport mechanism to reactions between anions in the doped polymer and protons 
from water or humidity localized on the films surface [14-18]. Today, protection of 
the environment and human being is more important than before. For that reason 
there is a need for improved or new sensors for measuring both physical and 
chemical changes, such as humidity, temperature, pressure and chemical species. 
Several organic materials have been shown to exhibit resistivity changes when 
exposed to various gases [19-23]. Himiidity is one of the most common constituents 
present in the environment. Recently, there has been a considerable increase in the 
demand for humidity control in various fields, therefore sensing and controlling 
himiidity is of great importance for human comfort, domestic purpose, in medical 
applications and in agriculture. 
In our previous reported work [24,25], the polyaniline:polyacrylonitrile and 
polyaniline:nylon-6,6 were used as cathode active material in a self constructed 
secondary cell. Now in this work, the composite films have been investigated for the 
detection of relative humidity and ammonia vapor sensitivity. We have also 
investigated the electrical conductivity in terms of DC electrical conductivity 
retention at ambient conditions. The composite could be a good promising material 
for many applications that require a combination of humidity and gas sensitivity, 
whose detection is of crucial importance in several industrial processes ranging from 
food industries or chemical industries to the health care sector. The composites are 
expected to provide inexpensive and reliable means of humidity and gas sensors. 
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6.2. EXPERIMENTAL 
6.2.1. Synthesis of Poly aniline 
Polyaniline powder was synthesized by polymerization of aniline in the presence of 
hydrochloric acid using potassium persulphate (acts as an oxidizing agent) by 
chemical oxidative polymerization method. 10% aniline with 100 ml of 1 M 
hydrochloric acid in double distilled water was used for the synthesis of polyaniline 
with constant stirring at 0±1 °C. The solution (150 ml) of potassium persulphate 
(O.IM in double distilled water) was added drop by drop in the above solution with 
continuous stirring. After 6 h, stirring was stopped and the solution was filtered in 
Buchner funnel, the residue was washed 3—4 times with distilled water and finally 
with methanol. The resultant material was kept in an oven at 45 °C for 24 h and 
finally kept in a desiccator for further use. 
6.2.2. Preparation of PANI-PAN Composite Films 
PANI-PAN composite films were prepared by solution casting method. Quantitative 
weight of PAN was dissolved in tetrahydrofuran (THF) and kept at room 
temperature for 24 h. After complete PAN dissolved the aniline in quantitative ratio 
was drop-wise mixed in the PAN solution (Table 6.1) and stirred for 1 h to get 
homogeneous solution. The mixture was then slowly spread on clean glass plate 
and was left for 2-3 days. These films were completely dried and were carefully 
removed fi"om the glass plate. A small portion was cut from the film and pressed in 
electrically operated automatic pressure machine (Model-PF-A15, Techno Search 
Instruments) in 0.1 mm die at 7 ton pressure and 120 °C temperature. The films 
obtained were of thickness > 0.1 mm. A rectangular portion of cross section area 
(2.5x1) cm^ was cut and then polymerized by O.IM potassium persulphate solution 
(IM HCl). The films were washed with doubly distilled water and undoped with IM 
ammonia solution. The undoped films were washed with distilled water and finally 
with methanol. The films were then doped with IM HCl and IM p-TSA for 
maximum period of time (24 h) and the DC electrical conductivity of the films were 
measured which is tabulated in Table 6.2. 
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Table 6.1. Preparation of polyaniline:polyacrylonitrile composite films. 
Sample ID 
PANI:PAN-1 
PANI:PAN-2 
PANI:PAN-3 
Quantity 
ofTHF 
(ml) 
30 
30 
30 
Quantity 
of PAN 
(g) 
1.0 
1.0 
1.0 
Quantity of 
Aniline 
(g) (ml) 
0.5 
0.75 
1.0 
0.49 
0.735 
0.98 
Quantity of 
O.IM 
K2S208(ml)* 
100 
100 
100 
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Table 6.2. Electrical conductivity of poly aniline :poly aery lonitrile composite films. 
Sample ID 
PANI:PAN-1 
PANl:PAN-2 
PANl:PAN-3 
a 
b 
c 
d 
a 
b 
c 
a 
b 
Thickness of 
Polymer Films 
(mm) 
0.13 
0.15 
0.16 
0.17 
0.13 
0.16 
0.17 
0.16 
0.13 
Weight of Polymerized 
Films (g) 
HCl 
before 
0.0325 
0.0396 
0.0362 
0.0343 
0.0271 
0.0380 
0.0325 
0.0331 
0.0361 
Doping 
after 
0.0342 
0.0436 
0.0380 
0.0363 
0.0300 
0.0385 
0.0340 
0.0360 
0.0378 
Electrical 
Conductivity 
(Scm') 
Doping Agents 
p-TSA HCI 
2.7x10"^ 
2.4x10"^ 
2.9x10"^ 
4.6x10"^ 
1.5x10'^  
1.1x10"^  
1.7x10"^  
3.4x10"' 
5.8x10"' 
3.0x10"^ 
4.0x10"^ 
1.7x10"^  
5.0x10'^ 
2.6x10"-
3.4x10"^ 
3.2x10"^ 
1.1x10"' 
1.3x10"' 
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6.2.3. Characterization Techniques 
The UV-vis spectra of PANI (HCl doped) and PANI-PAN (p-TSA and HCl doped) 
composite dispersed in N-methyl pyrrolidone (NMP) were recorded by Perkin-
Elmer X950 spectrophotometer in the wavelength range of 400-900 cm"'. FTIR 
spectra of the composite material were taken on Perkin-Elmer spectrum 1725 
spectrophotometer. The SEM studies were performed on LEO-435 VP instrument to 
examine the surface morphology of the PANI-PAN composite films. The room 
temperature conductivity and temperature dependent electrical conductivity were 
measured by four-probe instrument. 
6.2.4. Humidity Measurements 
The humidity sensing response for differently doped composite films was carried 
out at two temperatures by laboratory made set-up shown in Fig 6.1. It consists of a 
closed glass chamber with a total volume of 1000 ml fitted with two thermometers 
and film was placed inside it. The glass chamber was partially filled with water and 
was kept in thermocole container having ice and ordinary salt for adjusting the 
temperature (Ti) inside the glass chamber. The assembly of four-in-line probe was 
placed gentle on the film and this system was mounted inside the glass chamber at 
the height of 4 cm from the surface of the water at temperature (T2). It is to be noted 
that the temperature of the sensor material changes by 3-6 °C during the experiment. 
The % RH inside the glass chamber is given by 
Ew (7^2 ) -^* 
Where Ew(Ti) and Ew(T2) are the saturated water vapor pressure at the temperature 
of water (Ti) and that of the composite film (T2) respectively. The values of the 
saturated vapor pressure were obtained from the CRC hand book of chemistry and 
physics [27]. Different %RH values were obtained by adjusting the temperature of 
the water inside the chamber with ice and salt mixture from room temperature to 
O T . 
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Fig 6.1. Schematic diagram of two-temperature method setup for the 
measurement of %RH. 
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6.3. RESULTS AND DISCUSSION 
The conjugated polymers are often highly colored because their 7t-;r* energy gap 
falls within the visible region. The wavelengths which were not absorbed are 
transmitted, resulting in the observed color. Fig 6.2 depicts the UV-vis spectral 
studies on powdered PANI (HCl doped) in NMP, the peak value at 584 nm is due to 
n-Ti* transition which represents the polaron formation in the conducting polymer 
and the peak at -440 nm represent the n-n*. While for the HCl and p-TSA doped 
composite films the peaks at 600 and 610 nm respectively may be due to the H-
bonding due to the interaction of solvent between conducting particles and 
insulating matrix. The observation of these peziks indicates the formation of 
emeraldine salt in the composite. 
The interaction between PANI and the PAN matrix was investigated via 
fourier-transform infrared spectral analysis. Fig 6.3 shows the FTIR spectra of 
PANI, PAN and PANI-PAN (HCl doped) composite. The band at 824 cm'' 
corresponds to out of plane bending vibration of C-H bond of p-disubstituted 
benzene rings. The bands corresponding to stretching vibration of N-B-N and 
N=Q=N structures appeared at 1497 cm"' and 1587 cm~' respectively where - B -
and =Q= stand for benzenoid and quinoid moieties in the PANI. These relative 
lower frequencies of benzenoid and quinoid ring stretching are due to the salt 
formation [28]. The bands corresponding to vibration mode of N=Q=N ring and 
stretching mode of C-N bond appear at 1143 cm~' and 1302 cm"'. The FTIR 
spectrum supports the presence of PANI in composite. The characteristic broad band 
for -CN groups in PAN appeared around 1995 cm"'. The peaks at 3251, 3239 and 
3280 cm"' were observed for PANI-PAN(l), PANI-PAN(2) and PANI-PAN(3) 
respectively. As the amount of polyaniline increased, the intensities of these peaks 
also increased. Other characteristic peaks for PANI-PAN composite were also 
observed at 2239 and 1162 cm"'. Two characteristic bands for CH2 appeared at 1451 
cm"' and around 750 cm"' for the bending and rocking vibrations respectively. 
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Fig 6.2. UV-vis spectra of PANI (a), PANI:PAN/p-TSA (b) and 
PANI:PAN/HC1 (c). 
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Fig 6.3. FTIR spectra of (a) PANI and (b) HCl doped PANI:PAN. 
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Fig 6.4 shows the SEM micrographs of PANI, PAN and PANI-PAN composite film. 
The change in morphology of composite is quite clear and PANI particles can be 
clearly seen on the surface of the composite film. 
Fig 6.4. SEM micrographs of (a) PANI, (b) PAN and (c) PANI-PAN composite 
film. 
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In Fig 6.5, TGA curves till 200 °C shows the loss of water and low molecular weight 
oligomers. Further weight loss started from 300 °C and continued up to 400 °C. DTA 
curves show the endothermic reaction during degradation/decomposition of the 
polymer. 
lOOOh 
5.00 
0.00 
aoo" 200.00 400.00 600.00 
Fig 6.5. Thermogram of PANI:PAN composite. 
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6.3.1. Electrical Conductivity 
All the samples of PANI-PAN composite were obtained in the form of films by 
solution casting process. The variation in the conductivity of the films as a function 
of doping agents is depicted in Table 2. Low conductivity was found when low 
amoimt of PANI was taken in the composite, but on increasing the amount of PANI 
the conductivity increased at a certain level and after then it became constant. The 
electrical conductivities of these films were measured for /7-TSA and HCl doped 
films, however the /7-TSA doped film was found to be more conductive due to 
additional charge carriers in polymer chain backbone. 
The electrical conductivities of/?-TSA and HCl doped composite films were 
measured from 30 to 100 °C and were found in the semiconducting region. 
Composite films in principle followed the Arrhenius equation for temperature 
dependence of electrical conductivity, as shown in Fig 6.6. However, the electrical 
conductivity of the films in semiconducting region suggested that the PANI 
concentration in this composite (PANI-PAN-3) was well below the percolation 
threshold. The increase in conductivity is due to the increase of efficiency of charge 
transfer between the polymer chain and dopant with rise in the temperature [29]. 
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Fig 6.6. Temperature dependence of electrical conductivity of (a) 
PANI:PAN/p-TSA and (b).PANI:PAN/HCl 
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6.3.2. Humidity Sensing Response 
Fig 6.7 shows the characteristics response of HCl and/7-TSA doped composite films 
as a function of %RH. The resistivity decreases gradually with increase in %RH. 
The decrease in the resistivity with increase in humidity can be attributed to the 
mobility of the dopant ion that is loosely attached to the polymer chain by weak 
forces of attraction. At low humidity, that is under dry condition of polymer the 
mobility of the dopant ion is restricted [30]. In contrast, at high humidity the 
polymer adsorbs water molecules and the polymer chains get hydrated resulting in 
enhanced mobility of the dopant ion or increase in the charge transfer across the 
polymer chains, hence conductivity is increased [31]. In the figure, it is clearly seen 
that, PANI-PAN composite film doped withjP-TSA shows a linear response from 20 
to 60% RH, after that the resistivity observed is almost constant at above 60 %RH. 
On the other hand, in HCl doped PANI-PAN composite film the resistivity dropped 
from 20 to 40 %RH, in a non linear manner. Thus p-TSA doped composite film 
shows better humidity sensitivity as compared to HCl doped composite film. 
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Fig 6.7. Variations of resistivity as a function of relative humidity in 
PANI:PAN/j>-TSA and PANI:PAN/HC1. 
Chapter-6 192 
Mohd. Khalid, Ph.D. Thesis 
6.3.3. Ammonia Vapor Sensing Response 
The resistivity of the films shows a remarkable change when exposed to different 
percent of aqueous ammonia as a function of time as depicted in Fig 6.8. The 
increases in the concentration of aqueous ammonia enhance the rate of diffusion of 
the analyte molecules into the film. The sensing mechanism is governed by the 
adsorption/desorption phenomena. It shows that resistivity of the films increases 
when it is exposed to increasing percentage 5%, 10% and 15% of aqueous ammonia. 
On exposure to lower concentration of aqueous ammonia (5%, 10%), the film 
attains a lower changes in resistivity values than 15%. The resistivity of the films 
increases on exposure to aqueous ammonia which may be attributed to the 
interaction of aqueous ammonia molecule with loosely attached dopant ion at imine 
nitrogen, resulting in the reduction of the mobility of the charge carriers in 
polymeric chain back bone which enhances the resistivity. When the composite 
films were kept in air at room temperature; films attains the resistivity value higher 
than the original one. The regaining of the resistivity value is due to desorption of 
analyte after a certain specific period of time when kept in air at room temperature 
[32,33]. 
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6.3.4. Cyclic Response 
On exposing the ;?-TSA doped film in presence of 15% aqueous ammonia, the 
change in the resistivity was observed fi-om 9.03 (initial resistivity) to 10.32 flcm 
and on keeping it in air, the resistivity falls back to 9.38 Q.cm, which is higher than 
the initial resistivity. After the sensor is kept in air, the resistivity is observed to 
recover slowly due to desorption of ammonia molecules from the surface of the 
film. Then the material was again exposed to 15% ammonia vapor and the resistivity 
observed was 10.81 Qcm and again after returning it in air the resistivity came back 
to 9.62 ilcm. On repeating this cyclic experiment for one, two, three, four and five 
times the cycles were observed as shown in Fig 6.9. It was observed that after each 
cycle, the resistivity value never came back to its original value and attained value 
was higher than the original ones. Whereas, in the case of PANl-PAN/p-TSA 
composite film in presence of aqueous ammonia as well as in air, the forward and 
backward cycles were observed continuously upto more than seven cycles. 
A similar comparative study of response time was carried out for HCl doped 
composite film as shown in Fig 6.9. The film shows constant values for resistivity 
after third cycle. Thus, the p-TSA doped film shows better sensing properties and 
exhibits good linearity in sensing response curve. 
Chapter-6 ] 95 
Mohd. Khalid, Ph.D. Thesis 
16 n 
1 4 -
S 12-
1 10-
o 
• I - ' 
1 6 -
tii (n 4 -
"^ 2 -
air Q''' air ^ y-\ 
NH3NH3 NH3 
U 1 
0 10 
air 
air r\^ / ^ 
/ \ / NH3 
^ ^ ^NH3 
(PANI-PAN^p-TSA) 
20 30 40 
Time (min) 
16 -
_ 1 4 -
o 12 • 
| i o . 
O 
- • - • 
1 6-
w 4 -
01 
a; 2 -
/^'^ f 
* J H 3 ^ 
0 "1 
0 
KKT^^ t3^di3 ^ ^ 
(PANI-PAlNfHCI) 
I 1 t 
10 20 30 
Tirne (min) 
Fig 6.9. Cyclic response of PANI-PAN//7-TSA and PANI-PAN/HCI. 
Chapter-6 196 
Mohd. Khalid, Ph.D. Thesis 
6.4. CONCLUSION 
PANI-PAN composite films were prepared by solution casting method and 
oxidative polymerization of aniline in the PAN matrix. The composite was well 
characterized by UV-vis spectrophotometer, FTIR, SEM and TGA. The composite 
films were successfiilly utilized as humidity and aqueous ammonia sensing material. 
Almost linear response of p-TSA doped PANI-PAN for broad range of humidity 
from 20 to 90 %RH was observed. The response of the resulting material i.e. /?-TSA 
doped PANI-PAN to ammonia vapor as well as humidity is better than HCl doped 
film in terms of cyclic technique. The amounts of PANI have great influence on the 
conductivity, which control their sensitivity behavior. This work would lead to the 
development of simple and reliable technique for humidity and ammonia vapors 
sensor. 
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PREPARATION AND ELECTRICAL 
PROPERTIES OF CONDUCTING 
POLYANILINE:NYLON-6,6 COMPOSITE 
FILMS 
7.1. INTRODUCTION 
There is an explosive increase in the demand of composite materials in the last two decades, which are the materials with unique combination of properties of 
their constituents. The electronic and optical properties of conducting polymer filler 
and insulating polymer matrix combined with attractive mechanical properties and 
processing advantages of the polymers has now attained a level of maturity 
consistent with a new set of opportunities to develop a wide range of application 
based conducting polymer composites. Thus, the composites based on conducting 
polymers and insulating polymers have been studied as materials for industrial 
products, such as rechargeable batteries, conductive coating, light emitting diodes, 
gas sensors and antistatic materials. 
Polyaniline has been widely investigated due to its low cost, ease of synthesis 
and high as well as tailorable electrical conductivity depending on the level of 
doping, environmental stability and interesting redox properties [ 1 ^ ] . Inspite of its 
several desirable properties, the insolubility in conventional solvents for processing 
[5] and poor mechanical strength limits its application [6]. 
One of the ways to overcome these demerits is to prepare the conducting 
composites of polyaniline by chemical or electrochemical polymerization route with 
insulating polymer matrix [7,8]. It is easy to control the chemical polymerization of 
aniline within the insulating polymer matrix to prepare conducting composites of 
required electrical properties while retaining the mechanical strength of insulating 
polymer [9-11]. In this paper, we have reported a simple chemical route to prepare 
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polyaniline:nylon-6,6 composite films. Nylon-6,6 is one of the most popular 
materials used as fiber and fabric in textile. 
7.2. EXPERIMENTAL 
7.2.1. Preparation of Poly aniline: nylon-6,6 Composite Films 
Square shaped pieces of 0.265 g each were cut from nylon-6,6 sheet and then 
pressed into thin films by applying pressure of 10 tons in an electrically operated 
automatic pressure machine maintained at a temperature of 220 °C. The thickness of 
films varied in the range of 0.40 to 0.50 mm. Each film was kept for soaking in 30 
ml of doubly distilled aniline for different periods of time in an air oven at 80 °C to 
allow the diffusion of aniline into nylon-6,6 matrix. Aniline soaked films were 
treated with O.IM potassium persulphate in IM HCl solution and was then left for 
24 hours at ice temperature in order to polymerize aniline within the nylon-6,6 
matrix. Thus prepared polyaniline:nylon-6,6 composite films were washed with 
doubly distilled water up to acid neutralization and was then undoped by treatment 
with excess of aqueous ammonia (IM) followed by washing with distilled water 
until the filtrate became neutral. The composite films were dried for 24 hours at 
40°C in a diy box and then stored in desiccators for experiments. Polyaniline.•nylon-
6,6 composite films were doped by treating with IM HCl solution at room 
temperature for 24 hours. The preparation details are given in Table 7.1. 
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Table 7.1. Preparation details of polyaniline:nylon-6,6 composites. 
Sample 
ID 
Temp 
(»C) 
Time 
(h) 
Weight of 
Ny-^,6 films 
(g) 
Amount 
of 
Aniline 
soaked 
(s) 
Weight of 
film after 
soaking 
(g) 
Weight of 
films after 
polymeri-
zation 
(g) 
PANI:Ny-6,6-(l) 80 10 0.2658 0.0225 0.2883 0.2984 
PANl:Ny-6,6-(2) 80 15 0.2658 0.0450 0.3108 0.3217 
PANl:Ny-6,6-(3) 
PANl:Ny-6,6-(4) 
PANl:Ny-6,6-(5) 
PANl:Ny-6,6-(5a) 
PANI:Ny-6,6-(5b) 
PANl:Ny-6,6-(5c) 
80 
80 
80 
80 
80 
80 
20 
25 
30 
30 
30 
30 
0.2658 
0.2658 
0.2658 
0.1627 
0.1694 
0.1794 
0.0675 
0.0910 
0.1125 
0.0138 
0.0148 
0.0156 
0.3323 
0.3558 
0.3783 
0.1765 
0.1842 
0.1960 
0.3450 
0.3682 
0,3916 
0.2396 
0.2416 
0.2643 
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7.2.2. Characterization 
For the study of the difference in surface morphology between the parent materials 
and their composites, SEM was performed by LEO-435 VP SEM instrument. FTIR 
spectra of poly aniline :nylon-6,6 composites were recorded by Nicolette-Protege 
460. DC electrical conductivity of the doped composites films was measured with 
increasing temperature by using a four-in-line probe technique carried out on 
polyaniline:nylon-6,6 composite film as discussed in chapter 2. 
7.3. RESULTS AND DISCUSSION 
Polyaniline:nylon-6,6 composite films was prepared by diffusing aniline into 
nylon-6,6 matrix. During this process, some nylon-6,6 dissolved in aniline 
producing jelly like precipitate above 80 °C or when kept in aniline for more than 30 
hours at 80 "C. Therefore, the temperature and duration of soaking of aniline within 
the nylon-6,6 matrix were selected to be 30 h at 80°C. For study of variation in 
electrical conductivity of the composite films, due to the change in amount of 
nylon-6,6, four different samples were prepared at same temperature and time. 
Hence, a number of HCl doped poIyaniIine:nylon-6,6 composite film samples were 
prepared as detailed in Table 7.2. The absorbed aniline was oxidized with O.IM 
potassium persulphate (K2S20g) in acidic media (HCl), resulting in the formation of 
protonated conducting form of polyaniline (emeraldine salt), which is black in color 
(Fig 7.1) [12]. 
4 Ph-NHs^ + 5 S2O8 ^- > 2 -[-Ph-NH-Ph-NH M - + 12 H^ + 10 804^' (1) 
Chapter-7 205 
Mohd. Khalid, Ph.D. Thesis 
Table 7.2. Preparation details of HCl doped polyaniiine:nylon-6,6 composite films. 
Sample 
ID 
PANI:Ny-6,6-(l) 
PANI:Ny-6,6-(2) 
PANl:Ny-6,6-(3) 
PANl:Ny-6,6-(4) 
PANl:Ny-6,6-(5) 
PANl:Ny-6,6-(5a) 
PANI:Ny-^,6-(5b) 
PANI:Ny-6,6-(5c) 
Amount 
of aniline 
soaked 
(%) 
08.4 
16.9 
25.3 
33.8 
42.3 
42.3 
42.3 
42.3 
Color 
As-
prepared 
Light green 
Light green 
Green 
Green 
Dark green 
Dark green 
Dark green 
Dark green 
HCl doped 
Light brown 
Light brown 
Dark brown 
Black 
Black 
Black 
Black 
Black 
<y 
(S/cm) 
Very low 
Very low 
~10~^ 
-10-^ 
-10- ' 
0.121 X 10"' 
0.262 X 10"' 
0.134x10"' 
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Fig 7.1. The structure of emeraldine hydrochloride. 
SchoUhom and Zagefka [13] have suggested a redox reaction for ammonia or 
amine intercalation into layered metal chalcogenides, which has been further 
supported by the work of Foot and Shaker [14]. On the basis of disproportionation 
reaction of ammonia as suggested by F. Mohammad [15] for the undoping of 
polythiophene (PTH) by water, the overall chemical reactions are given in the 
following equation: 
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8NH3 > 6NH/ + 6e" + N2 (2) 
PTH^-BF4~ + N H / + e" > PTH + NH4BF4 (3) 
6H2O > 4H30^ + 46" + O2 (4) 
PTH^-BF4" + HsO^ + e" > PTH +HBF4 + H2O (5) 
HBF4 > HF + BF3 (6) 
The charge neutralization reaction depends on the rate of chemical reaction 
between the doped polymer and undoping agent, which depends on the reactivity of 
the polymer chain and basic strength of undoping agent [15]. The basic strength of 
water is very low, thus it does not act as an effective undoping agent in the case of 
polyaniline, however, an analogous neutralization reaction for the undoping of the 
polyaniline component of the composites by ammonia solution may be suggested by 
the equation and Fig 7.2 below. 
NH3 + H2O - > NH4OH (7) 
[(PANI-nH^(Ny-6,6)][(nCr)] + nNH40H 
-^ PANI(Ny-6,6)+nNH4Cl + nH20 (8) 
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XNH4OH 
/ \ 
^ A ^ -N-X\ />—N \ / H \ _r-^ =0=^  
Fig 7.2. De-doping of emeraldine salt. 
Recently, it has been reported that PANI:nylon-6 composite film consisted of 
layers, the outer layers were conducting composite layers and the inner layers was 
pristine nylon-6 [16]. In the similar way, it seems that poly aniline is mainly 
polymerized in the outer layer of the composite film (PANI:Ny-6,6) and this layer 
retards the diffusion of the oxidant solution to the interior side and thus prohibits 
polyaniline from being polymerized inside the film as the aniline does not diffused 
deep inside the polymer matrix and was absorbed on the surface of the polymer 
matrix which was also seen in the cross-sectional view of the films. 
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7.3.1. SEM Studies 
Fig 7.3 shows the SEM micrographs of poiyaniline, nylon-6,6 and 
polyaniline:nylon-6,6 composite at different magnifications. Evidently, the 
homogeneous formation of composites of poiyaniline in the nylon-6,6 matrix is 
observed. 
a c 
fWlOlU .1 UiK'.S SJI 
Fig 7.3. SEM photograph of (a) poiyaniline, (b) nylon-6,6 (c) and 
(d) of PANI:Ny-6,6-{5) composite film at different magnifications. 
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7.3.2. FTIR Studies 
The FTIR spectra of poly aniline :nylon-6,6 composites are presented in Fig 7.4. The 
band corresponding to out of plane bending vibration of C-H bond of p -
disubstituted benzene rings appears at 824 cm"'. The bands corresponding to 
stretching vibration of N-B-N and N=Q=N structures appears at 1497 cm"' and 
1587 cm"' respectively where - B - and =Q= stand for benzenoid and quinoid 
moieties in the polymer. The bands corresponding to vibration mode of N=Q=N ring 
and stretching mode of C-N bond appear at 1143 cm"' and 1302 cm"'. The band 
close to 1130 cm"' is described as being characteristic of the conducting polymer 
due to the delocalization of electrical charges caused by deprotonation. The FTIR 
spectrum supports the presence of benzenoid as well as quinoid moieties in the 
polyaniline. The characteristic bands at around 688, 1642 and 3303 cm"'' which can 
be attributed to nylon-6,6 are present in all the composites. The prepared 
polyaniline:nylon-6,6 composite showed a strong band around 1650 cm"' 
corresponding to carbonyl group of nylon-6,6. The bands corresponding to 
stretching vibration of N-B-N and N=Q=N structure appeared at around 1377 cm"' 
and 1500 cm"' respectively (where - B - and =Q= stand for benznoid and quinoid 
moieties in the polymer). The band corresponding to stretching mode of C-N bond 
appears at 1504 cm"' [17]. The gradual increase in the intensities of the bands 
corresponding to polyaniline and decrease in the intensities of bands corresponding 
to nylon-6,6 supports the gradual change in the composition of the composite 
samples. 
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Fig 7.4. FTIR spectra of (a) PANI (b) PANI:Ny-6,6-<3), (b) PANI:Ny-6,6-(5). 
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7.3.3. Electrical Properties of Composite Films 
The electrical conductivities of the composite films were measured from 30 to 100 
°C and were found in the semiconducting region, as presented in Table 7.3. 
All the PANI:Ny-6,6 composite samples, in principle, followed the 
Arrhenius equation for temperature dependence of electrical conductivity, as shown 
in Fig 7.5. This suggests the semiconducting nature of the HCl-doped composites. 
No semiconductor-to-metal transition was observed. However, the electrical 
conductivity of HCl-doped PANI:Ny-6,6-3 composite in the insulating region 
suggested that that the PANI concentration in this composite was well below the 
percolation threshold. The PANI:Ny-6,6-5 composite deviates from the Arrhenius 
equation around 90 °C and the electrical conductivity started decreasing after 100 
°C. This behavior was attributed to a semiconductor-to-metal transition and to the 
approach of glass-transition temperature of the composite. 
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Fig 7.5. Temperature dependence of log o of (a) PANI:Ny-6,6-3 (b) 
PANI:Ny-6,6-4 and (c) PANI:Ny-6,6-5. 
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Table 7.3. Temperature dependence of DC electrical conductivity (S/cm) of HCI 
doped polyaniline:nylon-6,6 composite films. 
Sample ID -> 
Temperature PANI:Ny-6,6-3 
PANI:Ny-6,6-4 PANI:Ny-6,6-5 
("C) lOOO/T a X l O ^ logCT c X l O ^ bg a aXIO"' log a 
(K) (S/cm) (S/cm) (S/cm) 
30 3.2467 3.1415 -AM 0.4760 -3.322 00.8973 -2.468 
40 3.1446 3.1945 ^.52 0.5645 -3.248 00.9285 -2.343 
50 3.0487 3.2785 -^.45 0.6394 -3.100 01.1090 -2.140 
60 2.9582 3.5012 ^.28 0.7553 -2.880 01.2730 -2.126 
70 2.8735 3.8742 -4.05 0.8635 -2.690 01.9475 -2.010 
80 2.9323 4.1581 -3.67 0.9497 -2.450 00.9858 -1.810 
90 2.7173 4.2896 -3.30 1.1014 -2.140 01.0213 -1.660 
100 2.6455 4.3761 -2.95 1.1954 -1.690 01.0487 -1.460 
110 2.7732 - - - - 01.0175 -1.580 
120 2.5125 - - - - 00.9642 -1.790 
130 2.4213 _ _ _ _ 00.8359 -1.960 
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7.3.4. Stability in Terms of DC Electrical Conductivity Retention 
Three samples, PANI:Ny-6,6-(3), PANI:Ny-6,6-<4) and PANI:Ny-6,6-(5) were 
selected to study the thermal stability in terms of DC electrical conductivity 
retention. It was observed that the electrical conductivity of PANI:Ny-6,6 
composites on exposure to HCl, is increased which is due to the doping of 
polyaniline component of the composite films, as evident from the following 
equation [18,19]. 
PANI(Ny-6,6) + nHCl > [(PANI-nH*(Ny-^,6)] [(nCP)] (10) 
The isothermal stability of the HCl doped films in term of DC electrical conductivity 
retention was carried out at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C in an air oven. 
The electrical conductivity measurements were done at an interval of 10 minutes in 
accelerated ageing experiments. The electrical conductivity measured with respect 
to time of accelerated ageing is presented in Fig 7.6. The thermal stability was also 
studied by repeatedly measuring DC electrical conductivity with increasing 
temperature from 30 tol30°C for five times at an interval of 40 minutes as shown in 
Table 3. The electrical conductivity of the polyaniline:nylon-6,6 films was 
measured from 30 to 130°C and was found in the semi-conducting region. All the 
composite films followed Arrhenius equation for the temperature dependence of the 
electrical conductivity fi-om 30 to 115 °C. After that a deviation in electrical 
conductivity was observed. A combination of all or some of the following factors 
could be responsible for the decrease in electrical conductivity beyond 130 °C such 
as the loss of dopant, the chemical reaction of dopant with polyaniline or nylon-6,6, 
the semi-conductor to metal transition and the approaching of Tg. The studies on the 
stability of electrical conductivity under isothermal conditions at 50, 70, 90, 110 and 
130 "C showed that the electrical conductivity is stable at 50, 70 and 90 T 
supporting the fact that all the composite films were sufficiently stable in term of 
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DC electrical conductivity retention under ambient conditions below 90 °C and the 
electrical conductivity decreases with respect to time at 110°C 130°C, which may be 
attributed to the loss of dopant. The stability in terms of DC electrical conductivity 
retention was observed to be fairly good as studied by isothermal technique. The 
polyaniline:nylon-6,6 composite films were found to be a suitable material for use 
in electrical and electronic applications below 90°C under ambient conditions. 
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Fig 7.6. Stability in terms of DC electrical conductivity retention under 
isothermal conditions at 50, 70, 90,110 and 130 "C.Ca) PANI:Nylon-6,6-(3), 
(b) PANI:NyIon-6,6-(4) and (c) PANI:Nylon-6,6-(5). 
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Table 7.4. Stability of polyaniline:nylon-6,6 composite films under isothermal 
conditions in terms of DC electrical conductivity retention. 
Temp. 
CO 
Time 
(min) 
DC Electrical conductivity 
PANI:Ny-6,6-{3) PANI:Ny-6,M4) PANI:Ny-6,6-<5) 
k-5 oXlO 
(S/cm) 
a/o° wXlO" 
(S/cm) 
0/0° a X 10 ' 
(S/cm) 
<f/&> 
50 
70 
90 
110 
130 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
3.1415 
3.4183 
3.6857 
4.1264 
4.3585 
4.4471 
4.5949 
4.6847 
4.8468 
4.9932 
5.3486 
5.3976 
5.4694 
5.5804 
5.6922 
5.6443 
5.3865 
5.2436 
5.1486 
4.8475 
4.5753 
4.3545 
4.1586 
3.9467 
3.7634 
1 
1.0881 
1.1732 
1.3135 
1.3813 
1 
1.0331 
1.0534 
1.0898 
1.1227 
1 
1.0091 
1.0225 
1.0433 
1.0466 
1 
0.9543 
0.9290 
0.9121 
0.8588 
1 
0.9517 
0.9089 
0.8626 
0.8225 
0.4760 
0.5883 
0.6613 
0.7352 
0.7867 
0.8356 
0.8909 
0.9183 
0.9848 
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1.1254 
1.2586 
1.3470 
1.4794 
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0.9772 
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0.3964 
1 
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1.6527 
1 
1.0661 
1.0989 
1.1785 
1.2699 
1 
1.1312 
1.1969 
1.3145 
1.3997 
1 
0.9394 
0.8888 
0.7967 
0.7360 
1 
0.8479 
0.7602 
0.5979 
0.4056 
0.1673 
0.1984 
0.2865 
0.3674 
0.4376 
0.5507 
0.5945 
0.6498 
0.7155 
0.8234 
0.8576 
0.9013 
0.9397 
0.9534 
0.9865 
0.9327 
0.8863 
0.7628 
0.6982 
0.5196 
0.4275 
0.2974 
0.1873 
0.1186 
0.0936 
1 
1.1858 
1.7124 
2.1960 
2.6156 
1 
1.0795 
1.1799 
1.2992 
1.4951 
1 
1.0509 
1.0957 
1.1117 
1.1503 
1 
0.9502 
0.8174 
0.7485 
0.5570 
1 
0.6956 
0.4381 
0.2774 
0.2189 
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7.4. CONCLUSION 
The preparation of conductive polyaniline:nylon-6,6 composite films is successfully 
demonstrated by diffusion of aniline monomer into the nylon-6,6 matrix followed 
by oxidative polymerization of aniline v^thin the nylon-6,6 matrix. Thus prepared 
polyaniline:nylon-6,6 composite films possess high electrical conductivities at 
higher doping levels. It is also observed that the electrical conductivity of 
polyaniline:nylon-6,6 films increases with increase in polyaniline content of the 
composite. The composite material was successfiilly characterized for their 
electrical properties, FTIR and SEM. Thermal stability in term of dc electrical 
conductivity retention is fairly good as studied by several experimental techniques. 
Most of the formulations of the composites so prepared are suitable for use in 
electrical and electronic applications below 90°C under ambient conditions. 
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COMPOSITE OF POLYANILINE-GRAPHITE: 
PREPARATION, CHARACTERIZATION AND 
STABILITY IN TERMS OF DC ELECTRICAL 
CONDUCTIVITY RETENTION 
8.1. INTRODUCTION 
An intrinsically conducting polymers (TCP) are more commonly known as a "synthetic metals." Its properties are intrinsic to a "doped" form of the 
polymer. This class of polymer is completely different from "conducting 
polymers," which are merely a physical mixture of a nonconductive polymer with a 
conducting material such as a metal or carbon powder distributed throughout the 
material. Among various conducting polymers, polyaniline (PANI) is a promising 
candidate for practical applications due to its environmental stability, solution 
processability, reversibility of control of electrical properties and commercial 
availability [1]. 
There is a continued growing interest in the field of conducting polymer 
composites due to their theoretical as well as practical importance for the 
development of the solid-state batteries, gas sensing material, fuel cell and smart 
window [2-4]. Conducting composite materials are made by mixing conducting 
filler such as carbon black or graphite with insulating or conjugated polymers [5-8] 
and have been used for their electrical and vapor sensing applications [9-16]. 
However, limited research has been done in the field of PANI composites with 
ionically conductive polymers, which provides mixed ionic and electronic 
conduction [17]. These composites are promising materials adaptable for batteries, 
sensors and electrochromic displays [18,19]. 
In this study, we have prepared electrically conductive composite using 
polyaniline with graphite. The stability in terms DC electrical conductivity retention 
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was Studied in an oxidative environment by two slightly different techniques, which 
has been reported in the present research work. 
8.2. EXPERIMENTAL 
8.2.1. Chemicals 
Graphite powder (Qualikems, Pvt Ltd. 325 Mesh) was dried at 70° before use. 
Aniline (Qualigens, A.R. grade) was distilled twice just before use. Ammonium 
persulphate (C.D.H. A.R. grade) was used as received. All other chemicals used 
were of A.R. grade. 
8.2.2. Characterization 
The FTIR spectra of poly aniline and polyaniline-graphite composites were recorded 
by Perkin Elmer 1725 instrument. The thermo-gravimetric analysis (TGA) were 
performed on the selected samples of composites using Perkin Elmer (Pyris 
Dimond) instrument, heating the materials from -25 °C to 600 °C at the rate of 10 °C 
min"' in nitrogen atmosphere with the flow rate of 30 mL min"'. 
8.2.3. Fabrication of Polyaniline-graphite Composites 
Polyaniline-graphite composite was synthesized by chemical oxidative 
polymerization of aniline in the presence of graphite, using ammonium persulphate 
as an oxidizing agent in acidic medium. The detailed procedure is given below. 
0.05 mole (5 mL) of aniline was dissolved in 100 mL of 1 M HCl solution 
and 20, 60 and 100 mg of OP powder (5/20, 5/60 and 5/100 PANI-GP) was added to 
it, followed by ultrasonication for 30 minutes. The solution was kept in refrigerator 
for 3 hours and the temperature was maintained at 5 °C. Precooled solution of 0.05 
mole (11.4g) of ammonium persulphate was dissolved in 100 mL of IM HCl 
solution. Both solutions were then added slowly at room temperature with constant 
stirring. A greenish black precipitate was obtained when the resulting mixture was 
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left at low temperature (5-10 °C) for over night. The precipitate was filtered and 
washed several times with distilled water in order to remove unreacted chemicals. 
The precipitate was dried in an oven at 50°C and then kept in desiccators for 
experiments. The fine powder of composite was obtained by grinding the material 
with the help of pestle mortar. The fine powder of the composite was pressed in 
pellets form under 25 KN load using a hydraulic pressure machine. 
8.2.4. DC Electrical Conductivity Measurements 
The DC electrical conductivity of the doped composite films was measured with 
increasing temperature (35 °C to 130 °C) by using a four-in-line probe DC electrical 
conductivity measuring instrument. The isothermal stability of composites in terms of 
DC electrical conductivity retention was carried out on the selected samples at 50 °C, 70 
°C, 90 "C, 110 °C and 130 °C in an air oven. The electrical conductivity measurements 
were carried out at an interval of 15 min. The thermal stability of the composites in 
terms of DC electrical conductivity retention was also studied by a cyclic measurement 
by heating the composite from 35 °C to 130 °C in each cycle at an interval of 45 min. 
8.3. RESULTS AND DISCUSSION 
8.3.1. Spectral Studies 
The FTIR spectra of synthesized pristine polyaniline absorption bands are at 
1562.20, 1485.16, 1302.17, 1244.39 and 1124.01 cm"', as shown in Fig. 8.1(a). The 
bands corresponding to stretching vibration of N-B-N and N=Q=N structures appear 
at 1485.16 cm"' and 1562.20 cm"' respectively where -B- and =Q= stand for 
benzenoid and quinoid moieties in the polymer. The vibration mode of N=Q=N ring 
and stretching mode of C-N bond appeared at 1124.01 cm"' and 1302.17 cm"' 
respectively. The band close to 1130 cm'' is described as being characteristic of the 
conducting polymer due to the delocalization of electrical charges caused by 
deprotonation [20]. The FTIR spectrum also supports the presence of benzenoid as 
well as quinoid moieties in the polyaniline. A peak corresponding to out of plane 
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bending vibration of C-H bond of p-disubstituted benzene ring appeared at around 
811.01 cm'. The interaction between polyaniline and the graphite can be observed 
in Fig. 8.1(b), where the absorption peaks are similar to pure PANI, except that the 
absorption band assigned to the C=C group of quinoid ring at 1124.01cm'' was 
shifted to 1127.75 cm"', this shows the interaction between the big 7i-conjugated 
structure of graphite and the quinoid ring of polyaniline molecule. 
8.3.2. Thermogravimetric Studies 
Fig. 8.2(a&b) shows the TGA curves of pure PANI and PANI-GP composite. It can 
be seen that the weight loss curve of PANI-GP composite appeared above of pure 
PANI, indicating the enhanced thermal stability for the composite. In the TGA of 
polyaniline, the weight loss upto 550 °C is around 43%, whereas in TGA of PANI-
GP, around 16% weight is lost at the same temperature. These results can be 
attributed to thermally stable character of graphite. This study suggests that PANI-
GP composite is more stable than pure PANI up to 550 °C. 
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Fig 8.1. FTIR spectra of (a) polyaniline and (b) polyaniline-graphite composite 
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Fig 8.2. TGA curve of polyaniline (a) and polyaniline-graphite composite (b). 
Chapter-8 229 
Mohd Khalid, Ph.D. Thesis 
8.3.3. Electrical Conductivities 
For the three samples of polyaniline-graphite (5/20, 5/60, 5/100 PANI-GP) 
composites, the DC conductivity measurements were performed by using four probe 
techniques. It was observed that varying amount of graphite in the samples gives 
different conductivity values, the maximum conductivity was recorded when 5/100 
PANI-GP composite sample was taken. It may be due to the fact that polymer 
provides a matrix for graphite particles to align, in such a way that the transfer of 
electrons between PANI and GP becomes less restricted [21-23]. 
The plots of DC conductivity (a) versus 10^/T(K) for the composites in the 
temperature range 30-80 °C is depicted in Fig. 8.3. The increase in conductivity with 
increasing temperature, suggest that all the composite samples in principle followed 
Arrhenius equation, and a linear variation of conductivity versus temperature is 
evident from the figure. 
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Fig 8.3. DC electrical conductivity versus IOVT (K) (temperature) of the three 
PANI-GP composites 
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8.3.4. Isothermal Technique 
As reported earlier the conductivity of the composite material depends on time and 
temperature [24-26]. The polyaniline-graphite composites were observed to show 
enhanced electrical conductivity on exposure to HCl, due to the charge-transfer 
reaction between polyaniline component of the composites and the doping agents 
[27,28]. The samples 5/20, 5/60 and 5/100 PANI-GP were selected to study the 
isothermal stability in terms of DC electrical conductivity retention. The isothermal 
stability of the composite materials in term of DC electrical conductivity retention was 
carried out at 50 °C, 70 °C, 90 °C, 110 °C and 130 "C in an air oven. The electrical 
conductivity measurements were done for five times after an interval of 10 minutes at a 
particular temperature. The electrical conductivity measured with respect to time is 
presented in Fig 8.4. It was observed that all the composite materials followed 
Arrhenius equation for the temperature dependence of the electrical conductivity from 
50 to 90 °C and after that a deviation in electrical conductivity was observed, which 
may be due to the loss of dopant and degradation of materials. The stability of PANI-
GP composite in terms of DC electrical conductivity retention was found to be fairly 
good as studied by isothermal technique. The polyaniline-graphite composite can be 
used in electrical and electronic applications below 90 °C under ambient conditions. 
8.3.5. Cyclic Technique 
Three composites of polyaniline-graphite (5/20, 5/60 and 5/100 PANI-GP) were 
selected to test the stability from 35 °C to 135 °C in terms of the electrical 
conductivity retention by cyclic technique as explained earlier. In case of PANI-GP 
(5/20) the electrical conductivity decreases gradually up to cycle-5 as evident from 
Fig 8.5(a). In PANI-GP (5/60) the electrical conductivity decreases gradually, 
however, a slight increase in electrical conductivity is observed in the second cycle 
as shown in Fig 8.5(b). In case of PANI-GP (5/100) composite, the electrical 
conductivity also decreases gradually upto cycle-5 as evident from Fig 8.5(c). The 
increase in electrical conductivity may be attributed to the annealing effect of 
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heating on the composites while the decrease may be due to the loss of dopants and 
the chemical reaction of dopants with polymer. 
10 20 30 
Time (min) 
40 
10 20 30 
Time (min) 
40 
10 20 30 
Time (min) 
40 
Fig 8,4. Stability in terms of DC electrical conductivity retention under isothermal 
conditions at 50, 70, 90, 110 and 130°C (a) PANI-GP(5/20), (b) PANI-GP(5/60) and 
(c)PANI-GP(5/100). 
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Fig 8.5. Stability of DC electrical conductivity of PANI-GP (a) 5/20, (b) 
5/60, and (c) 5/100 composite (cyclic technique). 
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8.4. CONCLUSION 
Polyaniline-graphite composite was synthesized by in situ polymerization of aniline 
in the graphite powder. The samples of polyaniline-graphite (5/20, 5/60, 5/100) 
possesses high electrical conductivity than that of pure polyaniline. Thermal stability 
in terms of DC electrical conductivity retention is fairly good as studied by several 
experimental techniques. Most of the formulations of the composites so prepared are 
suitable for use in electrical and electronic applications below 90°C under ambient 
conditions. 
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ELECTROANALYTICAL STUDIES ON 
ELECTRICALLY CONDUCTING 
POLYANILINE: 
POLYETHYLENETEREPHTHALATE 
COMPOSITE FILMS 
9.1. INTRODUCTION 
The continuously growing interest in conducting polymers is based on its potential application in various fields such as batteries, sensor and 
electrochromic display through the promising of novel material with the 
combination of properties such as lightweight, processibility and electrical 
conductivity. The merits of Li-PANI secondary batteries over conventional Li 
secondary battery were the longer cyclic life, less self discharge rate, low 
manufacture cost and shape flexibility to making thin films. Since the specific 
capacity of Li-conducting polymer secondary batteries is small, these are used as 
power source for small electronic devices. Many investigations have been concerned 
with the possibility of applying polyaniline to solid-state rechargeable Li-ion 
battery as a positive material [ 1^ ] . It was found that PANI/PE0-LiC104 polymer 
electrolyte in a solid-state lithium battery exhibited a good electrochemical 
reversibility and repeatability at 50-80 °C [2] Barther et al [5] prepared polyaniline 
composite with PEO-based polymer electrolyte as a binder for fabrication of a 
solid-state secondary lithium battery. Recently, Chen et al [6] prepared a bilayer 
film by employing polyaniline powder as a positive active material and plasticized 
PE0-LiC104 as a binder in polymer electrolyte. It was found that the contacting 
surface area between PANI and polymer electrolyte was greatly improved by using 
polymer electrolyte as the binder. 
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In this work, we have used cathode active material of PANI:PET composite 
films for self constructed rechargeable cell, a PANI composite film obtained by the 
chemical polymerization of aniline in the PET matrix. The several characterization 
techniques showed that electrochemical properties of PANI is improved in 
composite systems due to the apparent synergism between the host matrix and the 
polymer [7- 9]. We are proposing the use of zinc chloride as electrolyte, with the 
composite films of PANIrPET as cathode material in open circuit cell. The 
conductive composite of PET fibers and fabrics are used as protective materials 
against electromagnetic interference, antistatic materials, antidust and antibacterial 
cloths [10]. The PET is a cheap and easily available engineering polymer of good 
mechanical properties. It also has good environmental stability and resistance to 
chemicals. 
9.2. EXPERIMENTAL 
9.2.1. Materials and Instruments 
The materials and instrument used were aniline (99%, CDH, India), 
Polyethyleneterephthalate (Research Design and Engineering, India), Hydrochloric 
acid (35%, E. Merck, India), Potassium persulphate (98%, CDH, India), Ammonia 
solution (Qualigens, India) and electrically operated automatic pressure machine 
(TSI PFA-15) and digital micro voltmeter (DMV 001 Roorkee India). Aniline was 
doubly distilled prior to use. The PET films were washed with toluene and dried in 
an air oven at 60 °C for 12 hours before use while all other materials were used as 
received. 
9.2.2. Preparation of PolyaniIine:polyethyleneterephthalate Composites 
PET films were pressed by electrically operated automatic pressure machine and 
kept in doubly distilled aniline for soaking at room temperature. The films soaked in 
aniline were treated with potassium persulphate solution in HCl (IM) for 24 hours in 
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order to polymerize aniline within the PET matrix. The films were taken out and 
washed with doubly distilled water, undoped by treatment with excess of aqueous 
ammonia (IM) and then repeatedly washed with distilled water until the filtrate 
became neutral. The composite films were dried for 48 hours at 45°C in an air oven 
and then stored in a desiccator for experiments. 
9.3. CHARACTERIZATION 
The FTIR spectra of polyaniline and polyaniline:polyethyleneterephthalate 
(PANIrPET) composites were recorded by a Perkin Elmer 1725 instrument. The 
SEM studies were performed on a LEO-435 VP instrument to examine the surface 
morphology of the composites and their components. Simultaneous differential 
thermal analysis (DTA) and thermo-gravimetric analysis (TGA) were performed on 
the selected samples of composites by using a Perkin Elmer (Pyris Dimond) 
instrument from -25 °C to 650 °C at heating rate of 10 °C min"' with a dry air flow 
rate of 200 mL min"'. 
9.3.1. Isothermal Stability 
The DC electrical conductivity of the doped composite films was measured with 
increasing temperature (35 °C to 130 °C) by using a four-in-line probe. The 
isothermal stability of composites in terms of DC electrical conductivity retention 
was carried out on the selected samples at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C in 
an air oven. The electrical conductivity measurements were carried out at an 
interval of 15 min. The thermal stability of the composites in terms of DC electrical 
conductivity retention was also studied by a cyclic measurement by studying the DC 
electrical conductivity on films with increasing temperature from 35 °C to 130 °C. 
The measurements were repeated on same sample in this temperature range for five 
times at intervals of 45 min. 
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9.3.2. Set-up of Electrochemical Cell 
The positive electrode (working electrode) consisted of a PANIrPET composite film, 
Zn foil as a negative electrode (counter electrode) and Pt foil used as a reference 
electrode to monitor the potential of PANI:PET cathode during experiment. A 2cm^ 
area of each electrode was immersed in 40 ml of electrolyte solution in a glass 
beaker. The positive pole of 9-volt battery was connected to counter electrode (Zn) 
foil by Teflon coated platinum wire and the negative pole of the battery was 
connected to the working electrode (PANI:PET composite film). The reference 
electrode was connected to the digital micro-voltmeter as shown in Fig 9.1. 
K2 
^ 
Digital 
Microvoltmeter 
Elieci]jdyt& 
y'-.--£!.•-r-^-, 
Ki 
r*"v\An 
R 
DL_n 
ReferenoB WoiJong Counter 
Electrode Eleciiode Electiode 
Fig 9.1. Set up of electrochemical cell for charging-discharging and diffusion 
measurements. 
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9.3.3. Estimation of Diffusion Coefficient into and out of Composite Films 
The various techniques available for ionic diffusion measurement has been 
discussed briefly by Crank and Park [11] and also in reviews by Stannet [12], who 
have discussed the diffusion process in great detail in relation to these polymers. 
The galvanostatic pulse technique has been used very successfully to estimate Li* 
ion diffusion in TiS2 by Winn et al [13]. 
In this method a constant current pulse is passed through the equilibrated 
electrode material. This causes a change in the electrode potential against a standard 
electrode due to deposition of a quantity of ions equivalent to IP/F on the electrode 
surface. An amount of 10''° to 10"^  mol of dopant (depending upon strength of 
pulse) was deposited on the polymer electrode as the diffusion equation would be 
valid only for small changes in electrode potential i.e. small change in mole ratio 
(y). Clean Zn or Ft foil was used as counter electrode. Potential of this "quasi-
standard" electrode may be assumed to be constant during the experiment, as 
equilibration does not take too long. As the deposited ions diffuse into the electrode 
material, the surface concentration changes and the electrode potential recovers. A 
plot of recovery voltage (Et) against t~"^  should follow a straight line, if the diffusion 
behavior is governed by Pick's law. The following expression was used for the 
estimation of the diffusion coefficient for the ions into and out of the electrode 
material. 
exp^ «^  ^= ^ ^^ ^ (1) 
(l-y)FAC„V^ 
Plot of (E( - Eo) versus t follows a straight line of slope. 
IPRT 
O — • ( l -y ) 'F^AC,V^ (2) 
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DTT 
IPRT "l (3) 
(l-y)^F^AC„S, 
J2p2j^2^2 
D = 7 T-. T—z—cm s (4) 
9.4. RESULTS AND DISCUSSION 
9.4.1. Preparation of Composites 
The method of preparation of polyanilinerpolyethyleneterephthalate (PANI:PET) 
composite films by soaking aniline within the PET film and then oxidative 
polymerization of aniline in the film is demonstrated. A gradual increase in the 
weight of the composite film with respect of time, is evident from Table 9.1, and is 
accompanied by the color change of the film from light green to dark green to black, 
which confirms the increase in polyaniline content of the composites with the 
increase in the period of soaking. On the basis of higher electrical conductivity the 
sample-5 has been chosen. The sample-5 was pressed with electrically operated 
pressure machine and obtained films were of different thickness (75, 100 and 125 
^m), these films were selected for fiirther study. 
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Table 9.1. Preparation details of HCl doped PANI:PET composites. 
Sample 
ID 
PANI:PET-1 
PANI:PET-2 
PANl:PET-3 
PANl:PET-4 
PANI:PET-5 
Time 
(h) 
10 
15 
20 
25 
30 
Weight 
of 
PET 
(g) 
-0.5 
-0.5 
-0.5 
-0.5 
-0.5 
Weight of 
film after 
soaking 
(g) 
0.508 
0.510 
0.532 
0.555 
0.588 
Amount of 
aniline 
soaked (%) 
9 
15 
26 
35 
40 
Weight of films 
after 
polymerization 
(g) 
0.596 
0.522 
0.544 
0.567 
0.590 
Color 
As-
prepared 
Light green 
Light green 
Green 
Green 
Dark green 
HCl 
doped 
Light 
brown 
Light 
brown 
Dark 
brown 
Black 
Black 
o 
(S/cm) 
Very 
low 
Very 
low 
-10-^ 
- 1 0 ' 
-10-' 1 
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9.4.2. FTIR Studies 
The FTIR spectra of polyaniline and sample-1, sample-2 and sample-3 composites 
have been presented in Fig 9.2 (a-d), respectively. The band corresponding to out-
of-plane bending vibration of C-H bond of p-disubstituted benzene rings appears at 
824 cm"'. The bands corresponding to stretching vibrations of N-B-N and N=Q=N 
structures appear at 1497 cm"' and 1587 cm"' respectively where - B - and =Q= stand 
for benzenoid and quinoid moieties in the polymer. The bands corresponding to 
vibration mode of N=Q=N ring and stretching mode of C-N bond appear at 1143 
cm"' and 1302 cm"' respectively. The FTIR spectrum supports the presence of 
benzenoid as well as quinoid moieties in polyaniline. The characteristic band for 
C=0 group of the ester linkage appears at 1722 cm"'. The bands at 1102 cm"' and at 
1262 cm"' correspond to 0-C-C and C-C(=0)-0 groups in the 
polyethyleneterephthalate respectively. The band corresponding to the C-H 
stretching of the aromatic ring of polyethyleneterephthalate appears at 3432 cm" 
'[14-17]. 
As evident from the figures, all the characteristic peaks of the PANI and PET were 
observed in the FTIR spectra of the polyaniline:polyethyleneterephthalate composite 
. The gradual increase in the intensities of the bands corresponding to polyaniline 
and decrease in the intensities of bands corresponding to PET support the gradual 
change in the composition of the composite samples. 
9.4.3. SEM Studies 
Fig 9.3 (a-b) shows the SEM micrographs of PANI and PANI:PET composite film. 
Evidently, the homogeneous formation of composite of polyaniline in the PET 
matrix was observed. 
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Fig 9.2. FTIR spectra of: (a) polyaniline, (b) sample-1 (c) sample-2 and (d) 
sample-5. 
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Fig 9.3. SEM photographs of (a) PANI and (b) PANI:PET-75. 
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9.4.4. TGA Studies 
In the TGA of polyaniline, the initial weight loss of around 4% by 100 °C is due to 
the removal of moisture present in the polymer. There is extremely little weight loss 
(2.25%) up to 275 °C, which strongly suggests that the material is thermally stable 
up to 275°C under oxidative conditions. The thermo-oxidative degradation starts 
beyond this temperature, accompanied by a massive weight loss of the polymer. A 
strong exothermic peak in DTA at 512 °C corresponds to this degradation. 
In the three PET films, the initial weight loss at around ~1.0% up to 333 °C may 
be attributed to the loss of moisture or other volatile materials. The films are stable 
up to 340 °C. Then the TGA curve shows a massive weight loss on further heating, 
this being supported by the exothermic peaks for DTA. The weight loss is due to 
thermo-oxidative degradation of the PET. One small endothermic peak for DTA 
appears around 250''C due to the melting of the PET. 
The polyaniline:polyethyleneterephthalate composite films (PANI:PET-75, 
PANI:PET-100 and PANI:PET-125) showed somewhat similar TGA/DTA thermo-
grams Fig. 9.4 and 9.5. The initial weight loss of-0.8-1.8% up to -135 °C may be 
attributed to the removal of moisture or other volatile materials. A small 
endothermic DTA peak that appears at around 250 °C may be attributed to the 
melting of PET. Then a two-step weight loss is observed on further heating-this is 
due to the thermo-oxidative degradation of the polymers. The last step may be 
associated with the oxidative degradation exclusively of PANI, because the weight 
loss % in this step increases gradually with the increase in PANI content in the 
composites [ 18-21 ]. 
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Fig 9.4. TGA and DTA of (a) polyaniline (b) polyethyleneterephthalate 
Chapter-9 250 
Mohd Khalid Ph.D. Thesis 
& 0 0 
tnt> 
S.OO 
s o o 
4 Q O 
3 0 0 
? o o 
1 0 0 
0 i 
~ 
' • - « 
e 
c s 
,, 
•f 40<K> 
1.2 0 0 0 
1 . 0 0 0 0 
0 8 0 0 0 
a 5 0 O « 
0 , « O O O 
0 SfOOO 
aoQoo 
-
-
s . . . - . . 
, „ 
•-•^^p^ 
A ™ * ^ ^ ^ 
_ . , _,, ^ .>- l«^>—-^^ 
. . . 1 1 
TO- »> 
O TA 
7 0 0 Q •^ -
^0,00 ao.oo 3«<»o t o . 0 0 SO.00 6 0 0 0 ro-OO •0..00 
1COO 
^ GO 
« Q O 
7 0 C 
» s <( 0 
« *. 0 0 
J 0 0 
;»0 0 
•i 0 O 
0 
" 
1 . -
ft 0 0. 0 0 
soo,00 
4 0 0 .0 0 
3 O 0 0 0 
? 0 0 CO 
) O 0 0 O 
0 0 0 
^>-'" 
S I ™ - . . v ™ 
T A 
1 -
' • ' ^ ^ ^ 
• • * " 
-~__. 
-
H I D 0 0 
10 0 0 0 
a 0 . 0 a 
4 0 0 a . ^ 
J O O - O 
0 0 0 
~ 2 0 0 . 0 
- * C O 0 
1 0 , 0 0 7 0 . 0 0 3Q,00 «0i.OO SO.0Q Sa.OO 70 OO- « 0 . 0 0 
« 
8 c n 0 
V O D. 3 
aocxo 
• iOO.3 
t-OS O -
3 0 0. !J | . . 
1 
JO-o. o !•-
0 0 
a 
5 D 0 . O 
SOO.O 
*oao 
3 0 0 . 0 
7 Q O . 0 
too.o 
o.o 1 
1D.OO 30.00 a o o o «.o.oo so .oo so.oo 70.00 aa .oo 
T»««« f»»iiri. 
Fig 9.5. TGA and DTA of polyaniline: polyethyleneterephthalate composite 
films (a) PANI:PET-75 (b) PANI:PET-100 (c) PANI:PET-125 
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9.4.5. Stability in Terms of DC Electrical Conductivity Retention 
The PANI.PET composite was observed to show enhanced electrical conductivity 
on exposure to HCl, due to the charge-transfer reaction between polyaniline 
component of the composites and doping agents, HCI [22, 23]. 
[PANI(PET)] + n HCl -> [(PANI-nH*(PET)][(nCr)] (5) 
The electrical conductivity of the composite films was measured from 35 °C 
to 130 °C and was found in the semiconducting region as represented in Fig 9.6 (a-
c) respectively for PANI:PET-75, PANI:PET-100 and PANI:PET-125 composites. 
AH the samples, in principle, followed the Arrhenius equation for the temperature 
dependence of electrical conductivity up to ~115 °C. After that a deviation from the 
straight-line behavior in the electrical conductivity is observed. This deviation of 
the electrical conductivity may be attributed to the loss of dopant or the chemical 
reaction of dopant with the polyaniline component of the composites or the semi-
conductor to metal transition or the approaching of the glass transition of the 
composites. A combination of all of some of the effects may also be attributed to the 
decrease in electrical conductivity causing the deviation in the Arrhenius plots. 
Three composites have been selected to study the stability of electrical 
conductivity under isothermal conditions at 50 °C, 70 °C, 90 °C, 110 °C and 130 °C. 
The temperature of the composite films was maintained at the temperature of study 
and the DC electrical conductivity was measured at an interval of 15 min in the 
accelerated ageing experiment showing in Fig. 9.7 (a-c) It has been observed that 
the electrical conductivity is stable at 50 °C, 70 °C and 90 "C, for PANI:PET-75, 
PANI:PET-100 and PANI:PET-125. That supports the fact that the composites are 
sufficiently stable under ambient conditions in terms of DC electrical conductivity 
retention below 90 °C. The decrease in electrical conductivity with time in 
isothermal ageing at 110 °C and 130 °C may be attributed to the loss of dopant and 
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the chemical reaction of dopant with polymer i.e. degradation of polymer 
composites. 
These three composites, PANI:PET-75, PANI:PET-100 and PANI:PET-125 
have been selected to test the stability from 35°C to 135°C in terms of the electrical 
conductivity retention by cyclic technique as explained in experimental. In case of 
PANI:PET-75 the electrical conductivity decreases gradually up to cycle-5 as 
evident from Fig 9.8 (a). In PANI:PET-100 the electrical conductivity decreases 
gradually, however, a slight increase in electrical conductivity is observed in the 
second cycle as shown in Fig 9.8 (b). In case of PANI:PET-125 composite, the 
electrical conductivity also decreases gradually towards cycle-5 as evident from Fig 
9.8 (c). The increase in electrical conductivity may be attributed to the annealing 
effect of heating on the composites while the decrease may be due to the loss of 
dopants and the chemical reaction of dopants with polymer. 
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Fig 9.6. The temperature dependence of DC electrical conductivity of the 
composite films in the range of 35 °C to 130 °C: (a) PANI:PET-75, 
(b)PANI:PET-100 and (c) PANI:PET-125 
Chapter-9 254 
Mohd Khali d, Ph.D. Thesis 
1.6 
1.4 
1.2 
1 
0 . 8 
0 . 6 
0 . 4 
0 .2 
O 
50 
70 
90 
110 
130 
10 20 30 40 
T i m e ( m i n ) 
O 10 20 30 40 
Time (min) 
10 20 30 
Time (min) 
4 0 
fa 
50 i 
70 ; 
90 
110 
130 
Cb 
50 
7 0 
9 0 
1 1 0 
130 
Cc 
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conditions at 50 °C, 70 "C, 90 °C, 110 °C and 130 "C: (a) PANI:PET-75, (b) 
PANI:PET-100 and (c) PANI:PET-125. 
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Fig 9.8 (a-c). DC electrical conductivity retention under cyclic thermal 
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PANI:PET100 and (c) PANI:PET125. 
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9.4.6. Electrochemical Studies 
9.4.6.1. Electrochemical cell 
It consisted of Zn anode and PANI:PET-75, 100,125 composite films as cathode of 
working area 2 cm^ immersed in an aqueous solution of 1 M ZnCl2 at pH 4, 
separately in three electrode constructed cell. There were used for the study of the 
variation of charging-discharging cycles. ZnCla electrolyte is the choice of many 
researchers, who use Zn as anode in various types of batteries [24,25]. When the 
cell was discharged by 140 mA current using 9-volt battery (When 140 mA 
electricity (9-volt battery) passes from anode towards cathode) the voltage first 
reduced sharply as shown in Fig 9.9 which was followed by a gradual voltage drop 
until the oxidized form of PANI changed to its reduced form and this discharging 
process was completed in 60 minutes. The electrical conductivity by four-in-probe 
technique of the cathode film was found to be 2.3X10"^ Scm~'. 
On the other hand when the cell was charged again by same (140 mA 
electricity passes from cathode towards anode) current 140 mA, the voltage 
increased slowly as shown in Fig 9.10 and the reduced form of PANI changed to its 
oxidized form. There is a limit to the charging voltage. The charging process 
completed in 40 minutes and the electrical conductivity of the film was found to be 
4.2X10~' Scm"'. Since this reaction is reversible, the cell reaction during charging is 
the reverse of reaction during discharging. Therefore, the over all discharging 
reacfion of the cell is: 
[(PANI-nH^(PET)][(nCr)]+ nZn • PANI(PET) + nZnCh (6) 
Chapter-9 257 
Mohd. Khalid, Ph.D. Thesis 
0-
fQ -3 -
iS -4 
o 
> -5 
-6 
-7 J 
) ^ -A -A2^ . 40 
• • 
• 
time (min) 
60 
- • - PANI:Hzl/5 
- ^ PANLPETIOO 
-A PANI:PEri25 
1 
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polyaniline:polyethyleneterephthalate composite films: (a) PANI:PET-75, 
(b) PANI:PET-100 and (c) PANI:PET-I25 in aqueous ZnClj. 
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9.4.7. Diffusion studies on PANItPET Composite Films 
Diffusion of dopants into conducting composite film can also be measured 
electrochemically. The transport of ions into or out of a film can be done by passing 
a short current pulse (5 seconds) to create an instantaneous excess, or deficit, of 
doping counter-ion on the surface of the film immersed in an electrolyte solution. 
By following the relaxation of the surface potential as the concentration of counter-
ion returns to the equilibrium throughout the polymer, it is possible to determine the 
diffusion coefficient [26-28]. The diffusion coefficient was also measured as a 
function of doping level in the form of mol ratio of CI" per aniline residue. The 
diffusion coefficient decreases with increase in dopant ion concentration. The plot of 
potential versus time""^ is linear and its slope yields the diffusion coefficient. The 
plots of the set of data from Table 9.2 experiments on conducting composite films 
are given in Fig 9.11. Using this method, the diffusion coefficient of Cr into films 
were found to be -6.48x10"'^ cm^s"', which is lower than that previously reported 
values for diffusion coefficients of ions in pure polythiophene films as shown by 
Foot et al.[29] which is given in Table 9.3. Due to the one possibility in our 
conducting composite films as very compact and made by the insulating polymer 
matrix. One concern, with measurements of this type, is that undoping of a film may 
result either from the outward diffiasion of dopant counter-ions or from the inward 
diffusion of polymer co-ions, which would then form a salt within the film. This 
possibility has been avoided in our composite film study by measuring with doping 
pulse in sample which have only been doped in one direction, either by reduction or 
oxidation. This suggests that some of the smaller anion may also be incorporated 
into the film, passively as dissolved salt and then removed during the undoping step. 
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PET:PET-125 composite films. 
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Table 9.2. Data obtained from diffusion behaviour of PANI:PET-75,100 and 125 
composite films respectively. 
Eo = 0.05 (20 DCV) P = 5 (sec) Impulse 
t (sec) 
1 
2 
4 
10 
12 
15 
18 
20 
25 
45 
70 
E, 
(Recovery 
Voltage) 
0.27 
0.25 
0.18 
0.14 
0.13 
0.10 
0.09 
0.08 
0.06 
0.05 
0.05 
Et-Eo 
0.22 
0.20 
0.15 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.04 
0.03 
J-1/2 
1 
0.700 
0.515 
0.319 
0.285 
0.256 
0.230 
0.228 
0.205 
0.189 
0.143 
Eo = 0.04 (20 DCV) P = 5 (sec) Impulse 
t (sec) 
1 
2 
3 
5 
10 
15 
20 
22 
30 
40 
70 
E, 
(Recovery 
Voltage) 
0.26 
0.23 
0.20 
0.16 
0.14 
0.10 
0.08 
0.07 
0.06 
0.05 
0.01 
Ef—Eo 
0.22 
0.16 
0.13 
0.11 
0.08 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
J-1/2 
1 
0.709 
0.572 
0.446 
0.318 
0.252 
0.224 
0.213 
0.182 
0.158 
0.117 
Continued. 
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Eo= 0.01 (20 DCV) P = 5 (sec) Impulse 
t (sec) 
1 
2 
8 
9 
10 
12 
15 
25 
35 
45 
85 
Eo = 0.0 
t (sec) 
1 
2 
4 
7 
8 
10 
12 
17 
20 
22 
25 
E, 
(Recovery 
Voltage) 
0.20 
0.15 
0.12 
0.10 
0.09 
0.08 
0.07 
0.06 
0.05 
0.02 
0.01 
Ef— Eo 
0.17 
0.12 
0.11 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.01 
0.00 
^-1/2 
1 
0.705 
0.354 
0.334 
0.313 
0.288 
0.258 
0.224 
0.200 
0.169 
0.108 
1 (20 DCV) P = 5 (sec) Impulse 
E, 
(Recovery 
Voltage) 
0.24 
0.16 
0.12 
0.10 
0.09 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
Ef-Eo 
0.21 
0.13 
0.11 
0.10 
0.08 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
^- , /2 
1 
0.705 
0.510 
0.375 
0.355 
0.313 
0.288 
0.242 
0.224 
0.212 
0.202 
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Table 9.3. Diffusion coefficients of ions/molecules in conducting polymers. 
Diffusing 
Ion 
BF4" 
Na^ CI04" 
Li ,^ AsF6~ 
Na^ SbF6~ 
AsFs 
(gaseous) 
I2 
O2 
CIO4" 
BF4" 
AsF6" 
Na^ 
cr 
CIO4" 
Polymer 
Polythiophene 
Polythiophene 
Polythiophene 
Polythiophene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polydicarbazole 
Measurement 
Technique 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Weight uptake 
Weight uptake 
Weight uptake 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Impedence 
D (cm V ) 
3X10"'^ 
3X10"'^ 
3X10"'^  
3X10"'^ 
3X10"'^ 
6X10"'^  
3X10"'^ 
1X10-'" 
8X10"'" 
8X10"'^  
1X10"'^  
8X10-'^ 
,Q-8_,Q-10 
Reference 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[29] 
[27] 
[28] 
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9.5. CONCLUSIONS 
We prepared conducting composites in the form of films by using a conducting 
polymer, polyaniline, in the insulating polymer matrix of polyethyleneterephthalate. 
The insulating polymer used in this study has good film forming properties besides 
other merits while conducting polymer has good environmental stability and high 
electrical conductivity. The electrical properties of the composite materials were 
observed to be of good quality as almost all the composites showed a great increase 
in their electrical conductivity from insulator to semi-conductor region after doping 
with hydrochloric acid. All the composite materials were successfully characterized 
for their electrical properties and by using FTIR, SEM and TGA. Stability in terms 
of DC electrical conductivity retention was observed to be fairly good as studied by 
several experimental techniques. The composite formulations were found to be 
suitable for use in electrical and electronic applications below 90°C under ambient 
conditions. The films were used as electroactive cathode in the self constructed 
electrochemical cells to estimate the diffusion coefficient of the dopant ions into the 
films by galvanostatic pulse technique. The dopant diffusion rates are in the low 
range of -10^'^ cm^s~' these values are too low for battery application, whereas the 
rates of dopant diffusion values around 10"^  cm^s"' are ideal for semiconductor 
applications. The electrochemical doping and undoping of chemically synthesized 
polyaniline.-polyethyleneterephthalate composite films were performed successfully 
for the measurement of difftision coefficient. 
The electrochemical cell model thus constructed was a wet type battery in 
which the electrolyte was aqueous ZnCl2. The electrochemical processes of the 
secondary batteries involve the inter-conversion of chemical energy into electrical 
energy and vice versa. During the discharging of the cell, the anion (CI") was 
released from the cathode, and the anode material was dissolved in the electrolyte 
forming cation (Zn^ "^ ) and deposition of these species occurred in case of charging 
process. Therefore, during discharging and charging, diffusion of the anions takes 
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place into and out of the film. Diffusion of CI" into the polyaniline: 
polyethyleneterephthalate composite film was of Fickian type, yet the estimation 
study could further be improved. 
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Conductive fibers based on polyaniline (PANI) and polyacrylonitrile (PAN) were obtained by stirring 
with magnetic bar. This research was conducted to investigate conducting fibers of polyani-
line:polyacrylonitrile (PAN1:PAN) composite with different weight ratios of aniline in PAN matrix. The 
fibers were prepared by stirring process. The best conductivity behavior of the fibers was obtained with 
5 mL of aniline. The filers obtained were characterized using Fourier-transform infrared spectra (FTIR). 
scanning electron microscopy (SEM) and thermogravimetric analysis (TCA). The variation of electrical 
conductivity with different type doping agents (HCI, H2SO4 and HCIO4) and the stability in terms of DC 
electrical conductivity retention was studied in an oxidative environment by isothermal characteristics. 
® 2010 Elsevier B.V. All rights reserved. 
1. Introduction 
Recently |1], we have prepared conducting fibrous 
polyaniline: nylon-6,6 by stirring aniline and nylon-6,6 solu-
tion with the help of magnetic bar, as in this tecfinique the 
conductivity of the fibrous material depends on the ratio of con-
ducting polymer present in fibrous material. It is difficult directly 
to form fibers of conducting polymers, stirring process is applied 
to form fibers of conducting polyaniline and polyacrylonitrile. 
Electrically conducting polymers are an important and interesting 
class of new organic materials that have gained considerable 
attention in the recent years. These polymers have been used in 
many applications including sensors [2.3], switchable membranes 
[4], anticorrosive coatings [5,6], biosensors [7], electrochromic 
devices [8] and rechargeable batteries [9.10]. Most of the works, in 
this area, are focused on the dynamic reversible redox properties 
of the polymers. One of the most important class ES of conducting 
polymers that has been studied extensively [11]. Polyaniline 
can be doped and undoped on exposure to an acidic or alkaline 
environment without changing the number of ir-electrons in the 
polymer [12]. This mechanism is attributed due to the presence of 
- NH and -N-groups in the polymer backbone whose protonation 
and deprotonation wilJ bring about a change in the electronic 
conductivity as well as in the color of the polymer [13]. It is 
' Corresponding author. 
E-mail addresses: asifalikhan20088igmail.com (A.A. Khan), 
mkansarister®gmail,com (M. Khalid). 
believed that all or some of the nitrogen atoms (amines or imines) 
in any species can be protonated with protonic acids [14]. This 
aspect of doping and undoping makes polyaniline and its analog 
highly suitable for industrial applications. 
The electronically conductive polymeric filler can also have a 
strong effect on the electrical properties (DC conductivity and AC 
impedance) of the composite, but only when the fillers are highly 
conductive compared to the matrix (15,16). Long, thin inclusions 
like fibers, which are insulating with respect to the matrix, have 
little effect on overall electrical properties [17], although they can 
affect mechanical properties. The electrical behavior of the fibers 
due to the presence of highly conductive filler is typically dis-
cussed with reference to the percolation threshold [18,19]. When 
enough conductive fillers have been added to the matrix, the fibers 
are above the percolation threshold, which is defined as a char-
acteristic volume or number fraction of filler at which continuous 
paths for electrical current exist in the composite. Some of these 
paths can occur through parts of the matrix where there has been 
dielectric breakdown between filler tips, although most of the con-
duction is probably through touching fillers. PAN is one of the 
most important polymers for making fiber as it can be widely 
used because of its high strength, high abrasion resistance and 
good insect resistance. However, the PAN based conducting fibers 
have not much being explored. In the present study, the fibers 
were made up of insulating polymer (polyacrylonitrile) with con-
ducting polymer (polyaniline). These fibers are a new promising 
material from two perspectives; first the electrical conductivi-
ties are enough for a broad range of applications, secondly the 
formation of fibers using stirring technique in this study is supe-
0379-6779/$ - see front matter © 2010 Elsevier B.V. All rights reserved. 
doi:10.1016/j.synthmet.2010.01.005 
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Tabic 1 
Preparation details of polyaninline.polyaciylonitrile composite fibers. 
Sample ID PAN(g) THF{mL) Amount of aniline in (1 g PAN solution) (mL) Electrical conductivity e (S/cm) 
PANI:PAN-1 
PANI:PAN-2 
PANl.PAN-3 
PANI:PAN-4 
I 
1 
1 
1 
25 
25 
25 
25 
1 
3 
5 
6 
-10-' 
• 10-
-10 
-10 
rior to chemical synthesis given consideration of time and cost 
parameters. 
2. Experimental 
2.1. Reagents and chemicals 
The following reagents and chemicals were used: aniline, 99% 
(CDH, India), polyacrylonitrile (from Research, Design and Standard 
Organization, India), hydrochloric acid, 35%(E Merle, India), sulfuric 
acid (Qualigence), perchloric acid (E. Merk, India) and Ammonium 
persulphate (CDH, India) and tetrahydrofuran (CDH, India). 
2.2. Preparation of conducting fibers 
Conducting fibers of PAN1:PAN composite were prepared in var-
ious volume ratios of aniline with polyacrylonitrile solutions by 
stirring vigorously at room temperature. 1 g of polyacrylonitrile 
was dissolved in 25 mLof tetrahydrofuran. Different volumes(l mL, 
3 mL, 5 mLand 6 mL) of aniline were added in polyacrylonitrile solu-
tion (Table 1). The solutions were well mixed using the glass rod 
then solution was poured drop wise in water with vigorous stirring 
to prepare the fibers using magnetic stirrer. The prepared fibers 
were kept in 200mL of 0.1 M (NH4)2S208 solution for overnight 
in refrigerator. In order to get oxidative polymerization of ani-
line in the polyacrylonitrile. The fibers were washed with doubly 
distilled water and acetone and left overnight with 2% ammonia 
solution, again washed with doubly distilled water. The resulting 
material is a base free and undoped. The fibers were doped with 
0.1 M (HCI, H2SO4 and HCIO4) acid solutions to convert the polyani-
line emeraldine base into electrically conducting fibers. The pellets 
of these fibers were made by using hydraulic pressure (25 kN). DC 
conductivity measurements of the fibers were performed at room 
temperature using four in-line probes (DMV 001, Roorke India). 
2.3. Characterization 
The FTIR spectra of polyaniline and conducting fibers were 
recorded by a Perkin Elmer 1725 instrument. The SEM studies were 
performed on a LEO-435 VP instrument to examine the surface 
morphology of the fibers and their components. The thermogravi-
metric analysis (TGA) were performed on the composite by using 
a Perkin Elmer (Pyris Dimond) instrument heating from ~25 'C 
to 600 C at the rate of lO^Cmin"' in nitrogen atmosphere with 
the flow rate of 30ml/min. The DC electrical conductivity of the 
differently doped fibers pellet was measured with increasing tem-
perature (SS-ISCC) by using four-in-line probes, DC electrical 
conductivity measuring instrument. DC elertrical conductivity (n) 
was calculated using the following equations: 
Po 
" (hiW/S) 
V Po = j2pS 
(1) 
(2) 
(3) 
(4) 
Cj{WIS) is a correction divisor which is a function of thickness of 
the sample as well as probe-spacing where /, V, W and S are current 
(A), voltage (V), thickness of the film (cm) and probe-spacing (cm) 
respectively [20]. The isothermal stability of pellets in terms of DC 
electrical conductivity retention was carried out on the selected 
samples at 50 C, 70 "C, 90 C, 110 C and 130°C in an air oven. 
The electrical conductivity measurements were carried out at an 
interval of 15 min. 
3. Results and discussion 
3.1. Electrical properties 
The electrical conductivity of the fibers having 1 mL, 3 mL, 5 mL 
and 6 mLof aniline increases from 10"^ to 10"' S/cm after doping 
the fibers in hydrochloric acid for 24 h. The effect of aniline con-
tent on electrical conductivity of the PANLPAN composite fibers 
is plotted in Fig. 1. When the volume fraction of aniline is added 
up to 5 mL, the conductivity reached from 10"^ to 10^' S/cm. The 
saturation in conductivity also reached after loading above 5 mL 
of aniline. The conductivity increases sharply when the volume 
ration of aniline is less than 4mL, after that, it was gradually 
reached up to 10"'S/cm when more aniline was added up to 
5 mL It is evident that the percolation of the conductive fibers 
should be less than 5 mL of aniline volume. Hence, the thresh-
old conductivity was reached by 5 mL of aniline loading. Fibers 
of PAN1:PAN composite with 5 mL aniline has also shown better 
conductivity as compared to our previous reported work [21.22). 
Therefore, the fibers (5mL of aniline solurion) were selected to 
the study of temperature dependence of electrical conductivity up 
to 100 C with different doping agents viz. HCI, H2SO4 and HCIO4 
(0.1 M). The fibers doped with H2SO4 and HCIO4 had lower mag-
nitude of conductivity when compared to fibers doped with HCI 
(Fig. 2). 
polyaniline contain (mL) 
1-^  
1^  
-6J 
Fig. 1. Electrical conductivity as a function of polyaniline fraction in fibrous polyani 
line:polyacryIonitrile. 
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FIIRpeak positions (cm-') of polyaniline (PANI). polyactylonitrile (PAN) and fibers 
of polyaniline:polyacrylonitrile composite. 
0.0 0.5 1.0 1 5 2 0 
1000/T(K) 
— I — 
2.5 3.0 
Fig. 2. Conductivity versus HCl. H2SO4 and HCIO4 doped composite filjers with 
increasing temperature (30-100 C). 
3.2. FTIR characterization 
The interaction between polyaniline and the polyacrylonitrile 
matrix was investigated via Fourier-transform infrared spectral 
analysis. The fibers were dried in an oven at 45 'C Fig. 3 shows the 
FTIR spectra of polyaniline, polyacrylonitrile and hydrochloric acid 
doped fibers and the FTIR values are shown in Table 2. The band 
PANI 
3259 
3035 
2846 
2358 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
PAN 
3969 
3652 
3555 
3442 
2950 
2844 
2653 
2598 
2414 
2051 
1995 
1726 
1637 
1451 
1387 
1069 
983 
954 
912 
842 
827 
810 
750 
655 
524 
PANI:PAN-1 
3417 
3251 
2950 
2230 
2049 
1965 
1726 
1603 
1457 
1387 
1145 
1034 
988 
912 
841 
827 
81Q 
750 
694 
618 
554 
509 
PANl:PAN-2 
3439 
3239 
3004 
2234 
2049 
1965 
1736 
1580 
1427 
1384 
1267 
1104 
1064 
985 
911 
841 
826 
810 
750 
693 
583 
510 
PANI:PAN-3 
3469 
3280 
3007 
2239 
2048 
1959 
1724 
1580 
1427 
1387 
1266 
1162 
1064 
983 
913 
841 
825 
803 
751 
696 
588 
510 
Fig. 3. FHR spectra of (a) PANI. (b) PAN, (c) PANl.PAN-1, (d) PANl:PAN-2 and (e) 
PANI:PAN-3. 
corresponding to out of plane bending vibration of C-H bond of 
p-disubstituted benzene rings appears at 824 cm"'. The bands cor-
responding to stretching vibration of N-B-N and N=(J=N structures 
were appeared at 1497 cm"' and 1587 cm"' respectively where-B 
and =0= stand for benzenoid and quinoid moieties in the polyani-
line. These relative lower frequencies of benzenoid and quinoid ring 
stretching are due to the salt formation with HCl [23], The bands 
corresponding to vibration mode of N=(3f=N ring and stretching 
mode of C-N bond appear at 1143 cm-' and 1302 cm"'. The FTIR 
spectrum supports the presence of benzenoid as well as quinoid 
moieties in the polyaniline [24]. The characteristic broad band for 
-CN groups in polyacrylonitrile was appeared around 1995cm-'. 
The peaks at 3251 cm~', 3239cm-' and 3280cm-' were observed 
for PANI:PAN-1, PANl:PAN-2 and PANl:PAN-3 respectively. As the 
amount of polyaniline increased the intensities of these peaks 
were also increased. Other characteristic peaks for conducting 
fibers of PANI:PAN composite were also observed at 2239cm-' 
and 1162cm-'. Two characteristic bands for CH2 were appeared 
around 1451 cm"' and around 750cm-' for the bendingand rock-
ing vibrations, respectively. In the spectrum a broad band in the 
region at 3370 cm~' may be due to the presence of external water 
molecule. While a sharp peak in region at 1644 cm"' is referred to 
banding vibration of water. In the composite, the gradual increase 
in the intensities of the bands corresponding to PANI and decrease 
in the band corresponds to PAN support the gradual change in 
the composition of the composite formulation as evident from 
Fig. 3. 
33. SEM studies 
Fig. 4(a and b) shows the photographs of conducting fibers of 
PANI:PAN composite and PAN fibers. Fig. 4(c and d) shows the 
SEM micrographs of fibers pellet and single conducting fiber. The 
cross-section SEM micrograph of the conductive fiber containing 
5 mL of aniline in PAN solution has been shown in Fig. 4(d) attains 
some dark spots and bright grooves. The intensity of grooving 
becomes more intense at certain places, where the conductive par-
ticles are present in aggregated structure with in the polymeric 
matrix. The dark region is related to conductive polyaniline phase. 
AA. Khan, M. K/ia/id/Synthetic Metals 160(2010) 708-712 711 
Fig. 4. (a and b) Photographs of (a) fibers of PANitPAN and (b) PAN fibers, (c and d) SEM micrographs of (c) pellet of fibers of PANi:PAN and (d) PANI;PAN fiber. 
while the bright region is related to non-conducting polyacryloni-
trile phase. It is observed that polyaniline content is mari<edly 
localized in the polyacrylonitrile matrix. From the above SEM 
micrograph, an excellent dispersion between two components is 
seen in which about 15-20% dark phase of PANl can be observed 
clearly. 
3.4. TGA studies 
As evident from Fig. 5 the TGA analysis showed that the fibers 
are stable up to 151 =C. At about 272 "C, the mass loss begins {~6%), 
due to the loss of water and low molecular weight oligomers. Fur-
ther loss of mass started from 301 "C to 600"C may be due to 
the loss of dopant and degradation/decomposition of the polymer. 
Above 600 - C, the results obtained were associated with the residue 
only. 
3.5. Isothermal stability in terms of DC electrical conductivity 
retention 
The fibers were observed to show enhanced electrical con-
ductivity on exposure to HCI, due to the charge-transfer reaction 
between conducting fibers doping agents, HCI [25,26]. 
IPANl(PAN)l + nHCl -* [(PANI-nH+(PAN))[(nCl-)] (5) 
The stability of electrical conductivity under isothermal con-
ditions at 50'C, 70'C, 90'C, HOC and 130 C of the differently 
doped fibers pellet has been maintained at the different tempera-
tures temperature. The DC electrical conductivity was measured at 
an interval of 15 min in the accelerated ageing experiment show-
ing in Figs. 6-8. It has been observed that the electrical conductivity 
is stable at 50 C, 70 C and 90 C, support the fact that the fibrous 
1.26-i 
1.20 
^ 1.15 
I 1.10-1 
^ 1.06-) 
:§ 1.00-1 
1 0.95 
1 0 , 9 0 ^  
•s 0-85 
8 
g 0.80 M 0,75 
UJ 
0.70 
0.66-
0.60- 10 20 30 40 
Time (min) 
50 60 70 
Hg. S. TGA curve of PANI-PAN composite. 
Fig. 6. DC electrical conductivity retention under isothermal -cnditions at 50'C, 
70C,9O''C, 110°Cand 130°Cof HCI doped fibrous PANI:PAN-3. 
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Fig. 7. DC electrical conductivity retention under isothermal conditions at 50'C. 
70 C, 90 C. nO'C and I30°C of HjSOi doped fibrous PAN[:PAN-3. 
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1,20 
1.16 
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1.05 
1.00 
0,96-
0,90 
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0.80-
0.75 
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Fig. 8. DC electrical conductivity retention under isothermal conditions at 50'C, 
70 C. 90 C, 11Q°C and 130'C of HCIO4 doped fibrous PANl:PAN-3. 
materials are sufficiently stable under ambient conditions in terms 
of DC electrical conductivity retention below 90 C. The decrease 
in electrical conductivity with time of isothermal ageing at 110 C 
and 130' C may be attributed to the loss of dopant and the chem-
ical reaction of dopant with polymer i.e. degradation of polymer 
composites. 
4. Conclusion 
Electrically conductive and isothermally stable conducting 
fibers of PAN!:PAN composite were prepared using by stirring pro-
cess. 5 mL volume of aniline contain fibers of differently doped has 
been performed best. From the above-mentioned studies, it has 
been concluded that DC conductivity studies of the fibers, strongly 
depend on doping types and counter ion of the dopant which has an 
effective control on the mechanism of electrical conductivities of 
fibers. The conducting fibers of PANIrPAN composite could be use-
ful for many applications that require a combination of electrical 
conductivity with isothermal stability. 
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A B S T R A C T 
The fibrous conducting polymers based on polyaniline and nylon-6,6 are obtained by stirring with mag-
netic bar. The increase in the ratio of conducting polymer volume in case of such fibers make them 
attractive materials for potential applications. As it is difficult directly to form fibers of conducting poly-
mers, stirring process is attempted to form fibers of conducting polyaniline and nylon-6,6. In the present 
paf)er, the fibrous polyaniline:nylon-6,6 (PANI:Ny-6,6) with different weight percentages (5-20%, w/w) 
are prepared by stirring process. The fibers obtained are characterized using Fourier-transform infrared 
spectra (FTIR) and scanning electron microscopy (SEM). the variation of electrical conductivity with differ-
ent type doping agents 0.1 M (HCl, H2SO4 and HC104)and the stability in terms of DC electrical conductivity 
retention was studied in an oxidative environment by isothermal characteristics. 
© 2008 Elsevier B.V. All rights reserved. 
1. Introduction 
The conducting fibers can also have a strong effect on the 
electrical properties (DC conductivity and AC impedance) of the 
composite, but only when the composite fibers are highly con-
ductive compared to the matrix | l - 3 ] . Long, thin inclusions like 
fibers, which are insulating with respect to the matrix, have little 
effect on overall electrical properties [3], although of course they 
can still affect mechanical properties. But if the fibers, which are 
usually added for mechanical purposes, are highly conducting with 
respect to the matrix, electrical measurements, which are indirect 
and non-destructive, are sensitive to the presence of fibers. The 
effect on composite electrical behavior due to the presence of highly 
conductive fibers is typically discussed with reference to the perco-
lation threshold of the fibers [4,5). When enough fibers have been 
added to the matrix, the fibers are above the percolation thresh-
old, which is defined as a characteristic volume or number fraction 
of fibers at which continuous paths for electrical current exist in 
the composite. Some of these paths can occur through parts of the 
matrix where there has been dielectric breakdown between fiber 
tips, although most of the conduction is probably through touch-
ing fibers. The highly conductive fibers dominate conduction. In 
the present study electrical property relationships of such a com-
Corresponding author. Tel.: +91 9412623533. 
E-mail address: faizmohammad54®rediffmail.com (F. Mohammad). 
posite material, made up of an electrically conductive matrix with 
conducting polyaniline contains small amounts of short conduc-
tive fibers. PANl:Ny-6,6 conducting fibrous are a new promising 
material from two perspectives. First, the electrical conductivities 
are enough for a wide range of applications. Second, the forma-
tion of composite fibers using magnetic stirring in this study is 
superior to chemical synthesis given consideration of time and cost 
parameters. 
2. Experimental 
2.1. Reagents and chemicals 
For the preparation of fibrous conducting material the main 
chemicals were used: aniline, 99% (CDH, India), nylon-6.6 (from 
Research, Design and Slandered Organization, India), hydrochloric 
acid, 35^ (E. Merk, India), ammonium persulphate (CDH, India). 
2.2. Preparation of fibrous conducting polyaniline:nylon-6,6 
PANl:Ny-6,6 conducting fibrous were prepared in various 
weight percentage of aniline solution (1 M HCl) by stirring vigor-
ously at room temperature. 1 g beads of nylon-6,6 dissolve in 25 ml 
of formic acid, after dissolving the solution of nylon-6,6 drop wise 
mix in 5,10, 15 and 20% weight solution of aniline (Table 1). Prior 
to mixing of nylon-6,6 solution the aniline solution was stirred for 
half hour. The prepared fibers were kept in 250 ml glass beaker 
0379-6779/$ - see front matter © 2008 Elsevier B.V. All rights reserved. 
doi:10.1016/j.synthmet.2008.08.005 
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Preparation details of polyaninline:nylon-6.6 composite fibers 
Sample 10 
PANl:Ny-6,6-5 
P/VNf:Ny-6.6-10 
PANI:Ny-6,6-15 
PANl:Ny-6,6-20 
Nylon-6,6 (g) Formic acid (ml) 
1 30 
I • a r ••-••• 
1 • i(t -
1 30 
Amount of aniline (in 200 ml of 1 M HCI) (ml) 
5 
• • • » 
20 
Electrical conductivity <T (S/cm) 
- 1 0 * 
- 1 0 - ' 
-10-^ 
overnight in refrigerator, then the prepared fibers were kept in 
200 ml of 1 M (NH4)2S208 solution in order to oxidative polymer-
ization of aniline in the nylon-6,6. The fibrous conducting polymer 
washed with doubly distilled water and acetone and left overnight 
with 2% aqueous ammonia solution, again washed with doubly 
distilled water resulting base free and undoped conducting fibers. 
Again the fibers doped with 0.1 M (HCI, H2SO4 and HCIO4) acid solu-
tions to convert the polyaniline emeraldine base into the salt form 
and make the fibers electrically conductive and making the pellets 
of these fibers by hydraulic pressure. DC conductivity measurement 
of the fibers was performed at room temperature using four-in-line 
probe (DMV 001, Roorkee, India). 
2.3. Characterization 
The FTIR spectra of polyaniline and fibrous PANI:Ny-6,6 were 
recorded by a PerkinElmer 1725 instrument. The SEM studies were 
performed on a LEO-435 VP instrument to examine the surface 
morphology of the fibrous PANI:Ny-6,6 and their components. The 
DC electrical conductivity of the differently doped fibrous conduct-
ing PANl;Ny-6,6 pellet was measured with increasing temperature 
(35-130 X) by using a four-in-line probe, DC electrical conductivity 
measuring instrument. DC electrical conductivity (a) was calcu-
lated using the following equations: 
/> = Po G7(W/S) 
'^ '(?) = (§ ln2 
Po \27TS 
(1) 
(2) 
(3) 
(4) 
G7( VV/S) is a correction divisor which is a function of thickness of 
the sample as well as probe-spacing where /, V, W and S are current 
(A), voltage {V), thickness of the film (cm) and probe spacing (cm) 
respectively [6]. The isothermal stability of pellets in terms of DC 
electrical conductivity retention was carried out on the selected 
samples at 50, 70. 90, 110 and 130"C in an air oven. The electri-
cal conductivity measurements were carried out at an interval of 
ISmin. 
3. Results and discussion 
3.1. Electrical properties 
Flexible fibrous conducting PANI:Ny-6,6 were produced by stir-
ring with magnetic bar. The highest increase in the electrical 
conductivity of PANI:Ny-6,6 (20%) is due to highest loading as 
reported by other workers also [7,8]. The electrical conductivity of 
the series (5, 10, 15 and 20%) varied from lO-^ to 10"' S/cm on 
doping with HCI for 24 h as shown in Fig. 1. Therefore, PANI:Ny-
6,6 (20%) was selected to the study of temperature dependence of 
electrical conductivity up to 100 'C with different doping agents viz. 
0.1 M (HCI, H2SO4 and HCIO4). The conducting fibrous PANI:Ny-6,6 
g ? 
.=. c 
0 
0 
0 
c 
c 
n 
>> 0 
a . 
25 1 
20 -
I"! -
Ifl -
5 
0 • 
-5 -
-10 J 
6-i 2^^ 3 4 vzr 
log conductivity (S/cm) 
Fig. 1. Electrical conductivity (S/cm) as a function of polyaniline fraction in 
polyaniline:nylon-6,6 composite fibers. 
doped with sulfuric acid and formic acid had lower magnitude of 
conductivity when compared to fibrous PANI:Ny-6,6 doped with 
hydrochloric acid as seen in Fig. 2. DC conductivity studies of 
the fibrous PANI:Ny-6,6 strongly depend on doping types. It is 
concluded that the counter ion of the dopant has an effective con-
trol mechanism of electrical conductivities of fibrous conducting 
PANI:Ny-6,6. 
3.2. FTIR characterization 
The interaction between polyaniline and the nylon-6,6 matrix 
was investigated via Fourier-transform infrared spectral analysis. 
The fibrous conducting PANl:Ny-6,6 was dried in dry box at 45 ~C. 
Fig. 3 shows the FTIR spectra of aniline, nylon-6,6 and hydrochloric 
acid doped fibrous conducting PANI:Ny-6,6 (20% w/w). The bands 
corresponding to stretching vibrarion of N-B-N and N=Q=N struc-
tures appear at 1497 and 1587 cm"' respectively where-B-and 
=C^ stands for benzenoid and quinoid moieties in the polymer. 
The bands corresponding to vibration mode of N=Q=N ring and 
stretching mode of C-N bond appear at 1143 and 1302cm~'. The 
band close to 1130cm-' is described as being characteristic of the 
conducting polymer due to the delocalization of electrical charges 
caused by deprotonation. The FTIR spectrum supports the presence 
of benzenoid as well as quinoid moieties in the polyaniline. The 
characteristic bands at around 688,1642 and 3303 cm"' attributed 
0 
-1 
? 
-S? -2 
S2. 
.•& -3 
1 -^  
•a 
o -6 
1000/T(K) 
• perchloric 
add doped 
• sulfuric acid 
doped 
A hydrochloric 
acid doped 
Hg. 2. Conductivity versus HO, HjSO^ and HCiO^ doped composite fibers with 
increasing temperature (30-100 -C). 
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Rg. 3. FTIR spectra of (a) polyaniline, (b) nylon-6,6 and (c) polyaniline:nylon-6,6 
composites fibers (20%). 
40 
Time (min) 
Fig. 5. DC electrical conductivity retention under isothermal conditions at 50, 70. 
90.110 and 130°C of HQ doped polyaniline:nylon-6,6 composite fibers (20«). 
mode of C-N bond appears at 1504cm~' [9]. The gradual increase 
in the intensities of the bands corresponding to polyaniline and 
decrease in the intensities of bands corresponding to nyIon-6,6 
support the gradual change in the composition of the composite 
samples. 
to nylon-6,6 are present in the fibrous conducting polymer. As-
prepared fibrous conducting PANI:Ny-6,6 showed a strong band 
around 1650 cm"' corresponding to carbonyl group of nylon-6,6. 
For polyaniline, the band corresponding to out of plane bending 
vibration of C-H bond of p-disubstituted benzene ring appears 
around 824 cm"'. The bands corresponding to stretching vibration 
of N-B-N and N=Q=N structure appear around 1377 and 1500 cm"' 
respectively (where -B- and =Q.= stand for benznoid and quinoid 
moieties in the polymer). The band corresponding to stretching 
3.3. SEM studies 
Fig. 4(a)-(d) shows the digital and SEM photographs of fibrous 
conducting PANI:Ny-6,6, nylon-6,6 fibers, fibrous PANl:Ny-6,6 pel-
let and fibrous conducting PANI:Ny-6,6 respectively. Evidently, the 
fibrous conducting PANl:Ny-6.6 was soft and homogeneous for-
mation of fibrous conducting PANI:Ny-6,6 of polyaniline in the 
nylon-6,6 matrix was observed. 
Rg.4. (a) Digital photograph of PANI:Ny-6.6 composite fibers (HCI doped), (b) digital photograph of nylor.-G.e fibers, (c) SEM photograph of PA.Nl:Ny-6,6 composite fibers 
pellet (HCI doped) and (d) SEM photograph of PANI;Ny-6.6 composite fibers. 
Author's personal copy 
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Fig. 6. DC electrical conductivity retention under isothermal conditions at SO, 70, 
90,110 and 130°C of H2S04a doped polyaniline:nylon-6,6 composite fibers (20%). 
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Fig. 7. DC electrical conductivity retention under isothermal conditions at 50, 70, 
90.110 and 130"CofHCIO4 doped polyaniline:nylon-6,6 composite fibers (20*). 
3.4. Isothermal stability in term of DC electrical conductivity 
retention 
The fibrous conducting PANI:Ny-6,6 pellets were observed to 
show enhanced electrical conductivity on exposure to HCl, due to 
the charge-transfer reaction between fibrous conducting PANI:Ny-
6,6 and doping agents, HCl (10,11 ]. 
|PANl(Ny-6,6)l + nHCI -* [(PANl-nH+(Ny-6,6)][(nCl-)] (I) 
The stability of electrical conductivity under isothermal condi-
tions at 50, 70, 90,110 and 130 C of the differently doped fibers 
pellet has been maintained at the temperature. The DC electrical 
conductivity was measured at an interval of 15 min in the acceler-
ated ageing experiment showing in Figs. 5-7. It has been observed 
that the electrical conductivity is stable at 50,70 and 90'^ C, 110 and 
130 ''C for the fibrous conducting PANI:Ny-6,6, support the fact that 
the fibrous materials are sufficiently stable under ambient condi-
tions in terms of DC electrical conductivity retention below 90 =C. 
The decrease in electrical conductivity with time of isothermal age-
ing at 110 and 130''C may be attributed to the loss of dopant and 
the chemical reaction of dopant with polymer i.e. degradation of 
polymer composites. 
4. Conclusion 
Electrically conductive and isothermally stable fibrous conduct-
ing PANI:Ny-6,6 was prepared using nylon-6,6 solution and aniline 
solution by stirring process. The 20% weight aniline containing 
fibrous conducting PANI:Ny-6,6 of differently doped has been per-
formed best The conducting fibrous material could be promising 
candidates for many applications that require a combination of 
electrical conductivity with isothermal stability. 
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ABSTRACT: Nano-sized particles of Zinc oxide (ZnO) 
were synthesized using a new chemical rout. The chemical 
oxidative polymerization of aniline in the presence of nano 
ZnO was employed to synthesize a polyaniline-zinc oxide 
(PANI-ZnO) nanocomposite. The material was characterized 
by using transmission electron microscopy, XRD, scanning 
electron microscopy (SEM), fourier transform infrared spec-
troscopy (FTIR), and Thermogravimetric analysis (TGA). 
The conductivity measurements showed the resulting com-
posites possessed higher conductivity as compared to pure 
polyaniline (PANl). The nanocomposite exhibited fairly sen-
sitive towards solution of aqueous ammonia (NH3), when it 
was exposed to various concentrations of NH3 in an ambi-
ent room temperature. The results show that the sensor has 
good sensitivity and good repeatability upon repeated expo-
sure to NH3. PANI-ZnO nanocomposite was also used to 
study electrical conductivity under isothermal conditions in 
the temperature range SO-ISO'C. The composite was found 
stable imder ambient conditions below 90''C in terms of DC 
electrical conductivity retention. © 2010 Wiley Periodicals, Inc. J 
Appl Polym Sd 117: 1601-1607, 2010 
Key words: conducting polymer; nanocomposite; electrical 
conductivity; sensor 
INTRODUCTION 
Nanocomposites of metal-polymer or metal oxide-
polymer are expected to be an important class of mate-
rials in the area of nanotechnology. Recently, conduc-
tive polymer-inorganic nanocomposites with different 
combinations of the two components had received 
more and more attention, because they have interest-
ing physical properties and many potential applica-
tions in various areas. ' ZnO is a typical n - t )^e semi-
conductor as well as an important electronic and 
photonic material with many potential applications 
such as field effect transistors, ultra-sensitive nano-
sized gas sensors, nanoresonators, nanocantilevers, 
UV detector, piezoelectronic materials, catalysts, 
hydrogen storage materials, chemical sensors, and 
biosensors.^"'^ Polyaniline is one of the typical con-
ductive polymers which are usually considered as p -
type material used in making lightweight battery elec-
trode, electromagnetic shielding device, anticorrosion 
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coatings, and sensors."' '* In the recent past the con-
ducting polymer-based nanocomposite have drawn 
attention in their application as gas sensing applica-
t i on . ' ^^ Therefore, PANI-ZnO nanocomposites have 
been most intensively studied among various compo-
sites, because it could combine the merits of PANI and 
nanocrystalline ZnO within a single material, and are 
expected to find applications in electrochromic devices, 
sensor, nonlinear optical system, and photoelectro-
chemical devices. Ammonia is one of the important 
industrial exhaust gases with high toxicity. With the 
increasing of the human awareness of environmental 
problems in industrial gases, the requirement of detect-
ing these gases has greatly increased. Nanocomposite 
based sensors have been demonstrated for the detection 
of NH3 imder ambient conditions.^ 
In present work, attempts have been made to synthe-
size approximately uniform hexagonal ZnO nano par-
ticles and PANI-ZnO nanocomposite for ammonia 
vapor sensing application. The characterization had 
been carried out by transmission electron microscopy 
(TEM), x-ray diffraction, fourier transform infrared 
spectroscopy, scanning electron microscopy, thermog-
ravimetric analysis and the conductivity measurement 
by four probe. The isothermal stability of the composite 
material in terms of DC electrical conductivity retention 
at 50,70,90,110, and 130°C in an air oven at an interval 
of 10 min in the accelerated ageing experiments, has 
also been reported in the present research work. 
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EXPERIMENTAL 
Reagents 
Aniline (Qualigen) was distilled twice just before 
use. Ammonium persulphate (C.D.H.) was used as 
received. Ethanol (Riedel-deHaen), Methanol (Quali-
gence). Zinc acetate dihydrate (99.5%) Zn(CH3COO)2-
2H2O, Ethylene glycol CH2OHCH2OH, 2-Propyle 
alcohol (CH3)2CHOH, glycerol CH2OHCHOHCH2OH 
and all other chemicals were used of A.R. grade. 
Doubly distilled water obtained from distillation plant 
(Borosilicate). 
Synthesis of zinc oxide nano particles 
Slightly modified form of sol-gel method reported 
earlier was used to synthesis of zinc oxide. 100 g 
zinc acetate dihydrate was mixed with 20 mL of eth-
ylene glycol in a round bottom flask fitted with a 
condenser and kept at 150°C for 15 min over a hot 
plate to obtain a uniform transparent solution. The 
solution was solidified to a transparent brittle solid 
on cooling at room temperature. This solid was dis-
solved in 200 mL of 2-propyle alcohol. On addition 
few drops of water, the solution was converted in to 
gel. Triethylamine (C2H5)3N was added to hydrolyse 
of zinc acetate. The resulting solution was placed in 
an oven at a temperature of 200°C for 7 h. The solu-
tion was turned in to light brown powder. Now this 
powder was heated in a programmable furnace at 
700'C for 8 h to remove all organic impurities. 
Finally white pure zinc oxide powder was obtained. 
Fabrication of polyaniline-zinc oxide composite 
PANI-ZnO nanocomposite was sjTithesized by fol-
lowing steps: the different weight percent of ZnO 
powder was added in aniline solution (1 mL aniline 
+ 3 mL toluene + 50 mL water). 50 mL solution of 
0.1 M ammonium persulphate mixed with above so-
lution with vigorous magnetic agitation at 5°C for 2 
h. A greenish black precipitate was obtained after 
keeping the resulting mixture at low temperature (5-
10°C) over night. The precipitate was filtered and 
washed several times with distilled water to remove 
unreacted chemicals. The precipitate was dried in an 
oven at 50°C and then kept in desiccators for further 
studies. The fine powder of composite was obtained 
by grinding the material with the help of pastel mor-
tal. The fine powder of the composite was pressed 
in pellets form using a hydraulic press. 
copper grid. XRD data were recorded by Bruker D8 
diffiractometer with Cu Ka radiation at 1.540 A in 
the range of 20° < 20 < 80° at 40 keV). A LEO 435-
VF scarming electron microscopy was used to obtain 
the micrograph of the samples. The thermogravimet-
ric analysis were performed on the selected samples 
of composites and polyaniline by using a Perkin-
Elmer (Pyris Dimond) instrument heating from 
~25''C to 600°C at the rate of lO'C min"' in nitrogen 
atmosphere with the flow rate of 30 mL min~'. 
Sensor testing apparatus and measurements 
The sensing material (PANI-ZnO) were dried in air 
for 30 min and then placed in an oven at 80°C for 
24 h to remove any excess solvent. The gas sensitive 
characteristics of the composites were investigated by 
recording their electrical responses when exposed 
alternately to different concentration of aqueous am-
monia vapor and air at room temperature using four-
probe in a glass chamber. The sensing material was 
placed into the glass chamber and gently pressed by 
four-probe to record the current-voltage characteris-
tics using digital microvoltmeter (DMV 001) and low 
current sources (LCS 02), the assembly is shown in 
Figure 1. The vapor sensitivities were recorded by 
their electrical responses. The distance between sens-
ing material and solvent was kept 3-4 cm at the time 
of exposure of different concentration of aqueous am-
monia on the sensing material at room temperature. 
DC electrical conductivity (a) was calculated using 
eqs. (l)-(4) and the temperature dependence electrical 
conductivity measurements were done using a tem-
perahire conb'oller (PID-200). 
G7(W/S) 
G7(W/S) = ( I In 2 
Po 
V 
2jiS 
a = l/p 
(2) 
(3) 
(4) 
The initial resistivity of sensing material was 
allowed to stabilize before the addition of the sol-
vent. The required solvent was poured into the 
chamber through the funnel. The sensing material 
was exposed to the solvent for appropriate time and 
then washed with double distilled water to remove 
the solvent and return the sensor in air. 
Characterization 
The FTIR spectra of zinc oxide and polyaniline-zinc 
oxide composites were recorded by a Perkin Elmer 
1725 instrument. TEM was carried out using a Phi-
lips EM-400 Microscope, a drop of sample prepared 
in ethanol was placed on an ultra thin carbon coated 
RESULTS AND DISCUSSION 
Characterization 
In Figure 2 all the peaks were well indexed to hex-
agonal phase ZnO reported in JCPDS card No. 36-
1451.^ '^^ ^ The particle size of ZnO was about 22.70 
Journal of Applied Polymer Science EXDI 10.1002/app 
PANI-ZnO NANCX:OMPOSITE 1603 
Low Current Sotirce 
Probes 
Sensing Material 
Volatile Solvent 
Glass Chamber 
Digital MicTQVoltmeter 
Figure 1 Set-up of sensitivity testing apparatus. 
nm calculated according to Scherer's equation esti-
mated from the line width of the (101) XRD peak. 
The intensity of the main peaks characterizing the 
inorganic ZnO system shifted to high intensity. This 
indicates the formation of PANI-ZnO composite. 
Other weakened peaks of ZnO system are not 
appearing in PANI-ZnO system. This can be attrib-
uted to dominate the amorphous nature of polyani-
line which may the influence of the crystallinity of 
inorganic ZnO particles as shown in Figure 2. 
XRD pattern of PANI-ZnO has shown semicrystal-
line structure and the size of the composite was 
found to be 34.17 nm according to the highest inten-
sity peak in the figure. XRD pattern of semicrystal-
line PANI-ZnO composite can be supported by SEM 
images of ZnO, polyaniline and PANI-ZnO compos-
ite (Fig. 3), where nearly hexagonal particles of ZnO 
[Fig. 3(c)] hampered on addition of amorphous poly-
aniline [Fig. 3(a)] after the formation of PANI-ZnO 
composite [Fig. 3(b)]. The nano particles of ZnO 
were attached with polyaniline during the curing of 
the polymer, thus a new phase of PANI-ZnO 
appeared. Hexagonal type structure of the average 
particle size 20-30 nm can be seen in the TEM (Fig. 
4) of ZnO. However in the TEM image of PANI-
ZnO, the ZnO particles encapsulated with polyani-
line and suggest a new phase of composite material 
with the particle size of 30-50 nm. Thus the struc-
ture morphology of the materials can be explained 
with the help of XRD pattern, SEM and TEM 
images. 
In FTIR spectra (Fig. 5) a peak observed at 
512 cm"^ is assigned to Zn—O of ZnO^'' which 
Figure 2 XRD pattern of ZnO and PANI-ZnO. 
Figure 3 SEM images of PAN! (a), PANI-ZnO (b) and 
ZnO (c). 
Journal of Applied Polymer Science DOI 10.1002/app 
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Figure 4 TEM images of ZnO nano particles and PANI-
ZnO nanocomposite. 
confirms the formation of ZnO. The hydrogen bond-
ing between the imine group of PANI and ZnO nano 
particle has been confirmed from the presence of the 
3500 2500 ~2oB6 isSo" 
Wav«numb«rs cm' ' 
TioSo" 500 
band at 1148 cm^ in the FTIR spectra of PANI-ZnO 
composite. The characteristic peaks of emeraldine salt 
form of PANI at 1562 cm^' (C=C stretching mode of 
the quinoid rings), 1479 cm""' (C=C stretching mode 
of benzenoid rings), 1263 cm"' (C—N stretching 
mode) and 1124 cm ' (N=Q=N, where Q represents 
the quionoid ring) appear in the FXIR spectrum of 
PANI-ZnO composite, showing the formation of poly-
aniline in the composite. 
Figure 6 shows the TGA curve of polyaniline and 
PANI-ZnO composite. It can be seen PANI has been 
decomposed completely before 600°C. The TGA 
curve of the PANI-ZnO composite shows the weight 
loss in the 400-650°C range attributed to the degra-
dation of the skeletal PANI chain structures. Com-
paring both curves, it can be seen that the thermal 
stability of the PANI-ZnO composite is stronger 
than that of pure PANI. 
Electrical conductivity 
The conductivities of PANI-ZnO composite with 
different amounts of ZnO were measured by four 
probe method. The results show that in the studied 
content range of ZnO (1-40%), the conductivity of 
composite increased obviously as compared with 
that of PANI. The conductivity of PANI-ZnO com-
posite first increases with the increasing ZnO con-
tent, and reaches an optimum value 1.93 S/cm 
when ZnO content is about 20%, with the further 
increase in ZnO contain, the conductivity of PANI-
ZnO composite was almost stable. This could be 
explained by the fact that on the one hand, ZnO 
nano particles hinder the carrier transport between 
different conjugated chains of PANI, and on the 
other hand the existence of interaction between 
PANI and ZnO nano particles will lead to the 
reduction of the conjugated lengths in the PANI 
chains.28-29 
On the basis of higher electrical conductivity, the 
20% ZnO weight content composite was selected for 
all studies. 
10 OO 
5J» 
X^ ,:-^ ;^^  
' X 
Figure 5 FTIR spectra ZnO and PANI-ZnO. 
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Figure 6 TGA curve of PANI and PANI-ZnO. 
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Figure 7 Resistivity response of PANI-ZnO at 5, 10, and 
15%. 
Sensitivity 
There are some possible interactions, such as chemi-
cal bonding, hydrogen bonding and van der-Waals 
force, between the polyaniline and adsorbed vapor 
molecule. Generally, conductivity sensors made of 
polyaniline are based on the reversible reaction of 
acid/base. For this mechanism, the conductivity 
response of polyaniline is increased when it is 
exposed to acid atmosphere, and decreased when it 
is exposed to base atmosphere. 
The surface resistivity of sensing material shows a 
remarkable change when exposed to different per-
cent of aqueous ammonia as function of time 
depicted in Figure 7. 
Depending on ammonia concentration, the 
response time of the sensor to ammonia exposure 
ranged from 1 to 10 min, while the recover time was 
about 20 min upon return to dry air. The sensing 
mechanism is governed by the protonation/deproto-
nation phenomena. It shows that resistivity of the 
material increases when it is exposed to increasing 
percentage 5, 10, and 15% of aqueous ammonia. On 
high concentration of aqueous ammonia (15%) the 
sensing material has shown the fast response. The 
resistivity of composite increases because of the 
undoping or the reduction of charge carriers by 
adsorption of ammonia on the surface of composite 
material. Ammonia gas molecules withdraw protons 
from N''"-H sites to form energetically more favor-
able NH4". This deprotonation process reduces PANI 
from the emeraldine salt state to the emeraldine 
base state, leading to the reduced hole density in the 
PANI and thus an increased resistivity.^''^ 
When the sensor is purged with dry air, the pro-
cess is reversed, NH4"*' decomposes to form NH3 
and a proton, and the initial dopine; level and resist-
ance recover. The result shows that the adsorption-
desorption process on the polyaniline film was 
highly reversible for ammonia molecules. 
Repeatability 
In these studies, the material was exposed to ammo-
nia vapor (with different concentration) for 1 min 
and to air for 5 min, a cyclic response of electrical 
resistivity was observed. The material showed a well 
defined response which can be discussed as follows: 
On exposing the sensing material for 1 min, in 
presence of 15% aqueous ammonia, the change in 
the resistivity was observed from 7.41 (initial resis-
tivity) to 7.82 Q cm (due to the deprotonation of pol-
yaniline by adsorption of NH3) and keeping it for 5 
min in air, the resistivity fall back to 7.73 Q cm. Af-
ter the sensor is purged with air, the resistivity is 
observed to recover slowly due to desorption of am-
monia gas molecules from the surface of sensing ma-
terial. Now the material again exposed to 15% am-
monia vapor for one min, the resistivity was 
8.8-
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Figure 8 Cyclic response of PANI-ZnO nano composite 
(a) 15% NH3 (b) 10% NHa (c) 5% NH3. 
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Figure 9 Isothermal stability of PANI-ZnO nano-
composite. 
observed 8.17 Q cm and again it was exposed for 5 
min in air the resistivity back 7.83 CI cm. On repeat-
ing the experiment, the initial resistivity could not 
come back. The cyclic tests present similar responses 
more than five times. Similar comparative studies of 
cyclic response behavior of the sensing material 
were performed for 10% and 5% ammonia vapor 
and air with respect to time Figure 8 shows the 
cyclic response of electrical resistivity with respect to 
time at room temperature. It was found that the 
change in resistivity was somewhat less for 10% and 
5% as compared to 15% aqueous ammonia 
concentration. 
Stability in terms of DC electrical conductivity 
retention 
As reported earlier the conductivity of the composite 
material depends on time and temperature.^^" The 
isothermal stability of the composite material in 
term of DC electrical conductivity retention was car-
ried out at 50, 70, 90, 110, and 130'C in an air oven. 
The electrical conductivity measurements were done 
five times every after an interval of 10 min at a par-
ticular temperature. The electrical conductivity 
measured with respect to time is presented in Figure 
9. It was observed that all the composite materials 
followed Arhenius equation for the temperature de-
pendence of the electrical conductivity from 50 to 
90°C and after that a deviation in electrical conduc-
tivity was observed, it may be due to the loss of 
dopant and degradation of materials. The stability of 
PAN-ZnO composite in terms of DC electrical con-
ductivity retention was found to be fairly good as 
studied by isothermal technique. The polyaniline-
zinc oxide composite can be used in electrical and 
electronic applications below 90"C under ambient 
conditions. 
CONCLUSION 
In conclusion, ZnO nano particles were prepared 
using simple chemical approach. A good yield of 
ZnO nearly hexagonal crystal structure at relatively 
high purity and low cost was obtained by this 
method. PANI-ZnO nanocomposite has been synthe-
sized by in situ chemical oxidative polymerization 
method. The materials were well characterized by 
XRD, TEM, FTIR and SEM. The PANI-ZnO nano-
composite could be a good material for NH3 detec-
tion at room temperature. Electrical conductivity, 
Sensisitivity and reversibility are very important pa-
rameters for evaluating sensor properties. We can 
notice that the present sensor exhibits very attractive 
performances. The incorporated ZnO nano particles 
played a significant role by enhancement in the po-
rosity and the surface activities of the composite ma-
terial. Thermal stability in term of EXT electrical con-
ductivity retention is fairly good as studied by 
several experimental techniques. Most of the formu-
lations of the composites so prepared are suitable 
for use in electrical and electronic applications below 
90''C under ambient conditions. 
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ABSTRACT: Polyaruline {PANl):polyethyleneterephtha-
late (PET) composite was prepared by chemical polymeriza-
tion of aniline diffused in the PET matrix. Thus prepared 
composite films were characterized by fourier-transform 
infrared sjjectroscopy and scanning electron microscopy 
and their electrical properties and the thermo-oxidative sta-
bility was studied by thermogravimetry and differential 
thermal analysis. The stability in terms of DC electrical con-
ductivity retention was studied in an oxidative environment 
by two slightly different techniques viz. isothermal and 
cyclic techniques. DC electrical conductivity of composite 
films was found to be stable up to 90° C for most o( the 
composites imder ambient conditions. The composite films 
were employed as cathode material in secondary cells con-
taining IM ZnCl2 solution. The studies were carried out on 
the charge/discharge cycles under a constant current load 
140 mA. The composite films showed similar behavior in 
electrolyte solution and cell response is reversible. To deter-
mine the diffusion coefficient for the chloride ions diffusion 
into the composite films electrochemically, galvanostatic 
pulse method was used. The diffusion coefficient was esti-
mated to be ~ 3.28 x 10^" cm^ s'\ O 2010 Wiley Periodicals, 
Inc. J Appl Polym Sci 116: 1366-1375, 2010 
Key words: polyanilinerpolyethyleneterephthalate compo-
sites; electrical conductivity; diffusion coefficients 
INTRODUCTION 
The continuously growing interest in conducting 
polymers is due to their potential application in vari-
ous fields such as batteries, sensor, and electrochro-
mic display because polymers are lightweight, 
processible, and electrically conductive. The main 
characteristics of Li-PANI secondary batteries com-
pared with conventionally Li secondary battery were 
the longer cyclic life, less self discharge rate, low 
manufacturing cost and shape flexibility. Since the 
specific capacity of Li-conducting polymer secondary 
batteries is small, these are used as power source 
and for small electronic devices. 
Many investigations have been concerned with the 
possibility of applying polyaniline to solid-state 
rechargeable Li-ion battery as a positive material.''* 
It was found that PANI/PEO-LiClOi polymer elec-
trolyte in a solid-state lithium battery exhibited a 
good electrochemical reversibility and cyclability at 
SO-SCC.^ Barthet et al.^ prepared polyaniline com-
posite with PEO-based polymer electrolyte as a 
binder for fabrication of a solid-state secondary lith-
ium battery. Recently, Chen et al.^ prepared a 
bilayer film by employing polyaniline powder as a 
positive active material and plasticized PE0-LiC104 
Correspondence to: F. Mohammad (faizmohammad54@ 
rediffmail.com). 
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as a binder and polymer electrolyte. It was found 
that the contacting surface area between PANI and 
polymer electrolyte was greatly improved by using 
polymer electrolyte as the binder. 
In this work, we have used cathode active mate-
rial of PANLPET composite films for self constructed 
rechargeable cell, a PANI composite film obtained 
by the chemical polymerization of af\iline in the PET 
matrix. The several characterization techniques that 
electrochemical properties of PANI are improve in 
composite systems due to the apparent synergism 
between the host matrix and the polymer.^'^ We are 
proposing the use of zinc chloride as electrolyte, 
with the composite films of PANLPET as cathode 
material in open circuit cell. The conductive compos-
ite of PET fibers and fabrics are used as protective 
materials against electromagnetic interference, anti-
static materials, antidust, and antibacterial cloths.'" 
The PET is a cheap and easily available engineering 
polymer of good mechanical properties. It also has 
good environmental stability and resistance to chem-
icals. Therefore, it is used to incorporate the strength 
incorporation of PET on electrical properties of 
PANI was studies. 
EXPERIMENTAL 
Materials and instruments 
The materials used were aniline (99%, CDH, India), 
polyethyleneterephthalate (Century de'Smat Co., 
ELECTROANALYTICAL STUDIES ON PANIrPET 1367 
India), hydrochloric acid (35%, E. Merck, India), 
potassium persulphate (98%, CDH), and ammonia 
solution (Qualigens, India). Electrically operated 
automatic presser machine (TSI PFA-15) and digital 
micro voltmeter (DMV 001 Roorke, India). Aniline 
was doubly distilled prior to use. The PET films 
were washed with toluene and dried in an air oven 
at 60°C for 12 h before use whereas all other materi-
als were used as received. 
Preparation of polyaniline: 
polyethyleneterephthalate composites 
PET films were pressed by electrically operated 
automatic pressure machine the several thickness 
films were obtained 75, 100, and 125 nm these films 
were kept in doubly distilled aniline for soaking at 
room temperature. The films soaked in aniline were 
treated with potassium persulphate solution in HCl 
(IM) for 24 h to polymerize the aniline within the 
PET matrix. The films were taken out and washed 
with doubly distilled water, undoped by treatment 
with excess of aqueous ammonia (IM) and repeat-
edly washed with distilled water until the filtrate 
became neutral. The composite films were dried for 
48 h at 45°C in an air oven and then stored in a 
desiccator for experiments. 
Characterization 
The fourier-transform infrared (FTIR) spectra of 
polyaniline and polyaniline:polyethyleneterephtha-
late (PANI:PET) composites were recorded by a Per-
kin-Elmer 1725 instrument. The scanning electron 
microscopy (SEM) studies were performed on a 
LEO-435 VP instrument to examine the surface mor-
phology of the composites and their components. 
Simultaneous differential thermal analysis (DTA) 
and thermogravimetric analysis (TGA) were per-
formed on the selected samples of composites by 
using a Perkin-Elmer (Pyris Dimond) instrument 
from ~ 25 to 650°C at a heating rate of 10°C min"* 
with a dry air flow rate of 200 mL min" ' . 
Thermal stability of DC electrical 
conductivity retention 
The DC electrical conductivity of the doped compos-
ite films was measured with increasing temperature 
(35-130°C) by using a four-in-line probe DC Electri-
cal Conductivity Measuring Instrument (Scientific 
Equipments, Roorkee). DC Electrical conductivity 
(a) was calculated using the following equations: 
G7(W/S) = (2S/W)ln2 
Po = (V/J)27tS 
a = l /p 
(2) 
(3) 
(4) 
p = Po/G7(W/S) (1) 
G7{V]/S) is a correction divisor which is a function 
of thickness of the sample as well as probe-spacing 
where /, V, W and S are current (A), voltage (V), 
thickness of the film (cm), and probe spacing (cm) 
respectively.^' 
The isothermal stability of composites in terms of 
DC electrical conductivity retention was carried out 
on tiie selected samples at SO-'C, 70"C, 90°C, 110°C, 
and 130°C in an air oven. The electrical conductivity 
measurements were carried out at an interval of 15 
min. The thermal stability of the composites in terms 
of DC electrical conductivity retention was also stud-
ied by a cyclic measurement of the DC electrical 
conductivity on films with increasing temperature 
from 35 to 130°C. The measurements were repeated 
on same sample in this temperature range for five 
times at intervals of 45 min. 
Set u p of electrochemical cell 
The positive electrode (working electrode) consisted 
of a PANLPET composite film, Zn foil as a negative 
electrode (counter electrode) and Pt foil used as a 
reference electrode to monitor the potential of PANI: 
PET cathode during experiment. A 2 cm^ area of 
each electrode was immersed in 40 mL of electrolyte 
solution in a glass beaker. The positive pole of 9-V 
battery was connected to counter electrode (Zn) foil 
by Teflon coated platinum wire and the negative 
pole of the battery was connected to the working 
electrode (PANIrPET composite film). And the refer-
ence electrode was connected to the digital micro-
voltmeter as shown in Figure 1. 
Estimation of diffusion coefficient into and out of 
composite films 
The various techniques available for ioruc diffusion 
measurement have been discussed briefly by Crank 
and Park'^ and also reviews by Stannet have dis-
cussed the diffusion process in great detail in rela-
tion to these polymers. The galvanostatic pulse 
technique has been used very successfully to esti-
mate Li"*" ion diffusion in TiS2 by Winn et al.^* 
In this method, a constant current pulse is passed 
through the equilibrated electrode material. This 
causes a change in the electrode potential against a 
standard electrode due to deposition of a quantity of 
ions equivalent to IP /F on the electrode surface. An 
amoimt of 10" '" to 10"^ mol of dopant (depending 
upon strength of pulse) was deposited on the 
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Figure 1 Set up of electrochemical cell for chargii\g-
discharging and diffusion measurements. 
polymer electrode as the diffusion equation would 
be valid only for small changes in electrode potential 
i.e., small change in mole ratio (y). Clean Zn or Pt 
foil was used as counter electrode. Potential of this 
"quasi-standard" electrode may be assumed to be 
constant during the experiment, as equilibration 
does not take too long. As the deposited ions diffuse 
into the electrode material, the surface concentration 
changes and the electrode potential recovers. A plot 
of recovery voltage (£,) against r^^^ should follow a 
straight line, if the diffusion behavior is governed by 
Pick's law. The following expression was used for 
the estimation of the diffusion coefficient for the 
ions into and out of the electrode material. 
exp ((£,-Eo)F/RT-l) 
IP 
{1 - }/)FACoVnDt (5) 
Plot of (Ef - £o) versus t ^'^ follows a straight 
line of slop. 
S = 
WKY 
( l -y rP / lCoN/ iD 
Djt = (1 - y)'P/lCoS 
D : 
I^P^R^T^ 
(l-yrfM^Co^S^Tt 
2 -1 
cm s 
(6) 
(7) 
(8) 
RESULTS A N D DISCUSSION 
Preparation of composites 
The method of preparation of PANI:PET composite 
films by soaking aniline within the PET film and 
then polymerizing aniline within the film is well 
demonstrated. A gradual increase in the weight of 
the composite film, as evident from Figure 2, is 
Journal of Applied Polymer Science DOT 10.1002/app 
accompanied by the color change of the film from 
light green to dark green to black, which confirms 
the increase in polyaniline content of the composites 
with the increase in the period of soaking. 
FTIR studies 
The FTIR spectra of polyaniline and PANI:PET75, 
PANI:PET100 and of PANI:PET125 composites have 
been presented in Figure 3(a-d), respectively. 
The band corresponding to out-of-plane bending 
vibration of C-H bond of p-disubstituted benzene 
rings appears at 824 cm ^. The bands corresponding 
to stretching vibrations of N—B—N and N = Q = N 
structures appear at 1497 cm ' and 1587 cm" ' 
respectively, where —B— and = Q = stand for benze-
noid and quinoid moieties in the polymer. The 
bands corresponding to vibration mode of N = Q = N 
ring and stretching mode of C—N bond appear at 
1143 cm"^ and 1302 c m " ' , respectively. The FTIR 
spectrum supports the presence of benzenoid as 
well as quinoid moieties in polyaniline. The charac-
teristic band for C = 0 group of the ester linkage 
appears at 1722 c m " ^ The bands at 1102 cm~' and 
at 1262 c m " ' correspond to O — C - and - C ( = 0 ) - O 
groups in the polyethyleneterephthalate, respec-
tively. The band corresponding to the C—H stretch-
ing of the aromatic ring of polyethyleneterephthalate 
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Figure 2 Increase in polyaniline content in polyaniline: 
polyethyleneterephthalate (PANI:PET) composites versus 
the time of soaking in aniline: (a) PANI:PET75; (b) PANI:-
PETIOO; (c) PANI:PET125. 
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Figure 3 FTIR spectra of: (a) polyaniline; (b) PANI:PET75; (c) PANI:PET100; and (d) PANI:PET125. 
appears at 3432 cm" \^ '^^ ® As evident from the fig-
ures, all the characteristic peaks of the polyaniline 
and polyethyleneterephthalate are observed in the 
FTIR spectra of the PANLPET composites as well. 
SEM studies 
Figure 4(a-c) shows the SEM photographs of PANI: 
PET75, PANIrPETlOO, and PANI:PET125 composites. 
Evidently, the homogeneous formation of compo-
sites of polyaniline in the PET matrix is observed. 
TGA studies 
In the TGA of polyaniline, the initial weight loss of 
around 4% by lOO^C is due to the removal of mois-
ture present in the polymer. There is extremely little 
weight loss (2.25%) up to 275°C, which strongly sug-
gests that the material is thermally stable up to 
275'C under oxidative conditions. The thermo-oxida-
tive degradation starts beyond this temperature, 
accompanied by a massive weight loss in the poly-
mer. A strong exothermic peak in DTA at 512°C 
corresponds to this degradation. 
In the three PET films, the initial weight loss of 
around ~ 1.0% up to 333°C may be attributed to the 
loss of moisture or other volatile materials. The films 
are stable up to 340"C. Then the TGA curve shows a 
massive weight loss on further heating, this being 
supported by the exothermic peaks for DTA. The 
weight loss is due to thermo-oxidative degradation of 
the PET. One small endothermic peak for DTA 
appears around 250°C due to the melting of the PET. 
In PANLPET composite films (PANI:PET75, PAN-
I;PET100, and PANI:PET125) showed somewhat sim-
ilar TGA/DTA thermograms (Figs. 5 and 6). The 
initial weight loss of ~ 0.8-1.8% up to ~ 135°C may 
be attributed to the removal of moisture or other 
volatile materials. A small endothermic DTA peak 
that appears around 250°C may be attributed to the 
melting of PET. Then a two-step weight loss is 
observed on further heating-this is due to the 
thermo-oxidative degradation of the polymers. The 
last step may be associated with the oxidative degra-
dation exclusively of PANI, because the weight loss 
% in this step increases gradually with the increase 
in PANI content in the composites.'^'^^ 
Stability in terms of DC electrical 
conductivity retention 
The PANLPET composites were observed to show 
enhanced electrical conductivity on exposure to HCl, 
due to the charge-transfer reaction between polyani-
line component of the composites and doping 
agents, HCl .^"* 
[PANI(PET)] + nHCl ^ [(PANI ~ nH+(PET)][(HCr)] 
(9) 
The electrical conductivity of the composite films 
was measured from 35 to 130°C and found in the 
semiconducting region represented in Figure 7(a-c) 
respectively, for PANI:PET75, PANI:PET100, and 
PANI:PET125 composites. All the samples, in princi-
ple, follow the Arrhenius equation for the tempera-
ture dependence of electrical conductivity up to 
~ 115°C. After that a deviation from the straight-line 
behavior in the electrical conductivity is observed. 
This deviation of the electrical conductivity may be 
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0:-^»,jr'. 
Figure 4 SEM photographs of (a) PANI, (b) PANI:PET75, 
(c) PANI:PET100, and (d) PANI:PET125 composites. [Color 
figure can be viewed in the online issue, which is available 
at www.interscience.wiley.coin.] 
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attributed to the loss of dopant or the chemical reac-
tion of dopant with the polyaniline component of 
the composites or the semiconductor to metal transi-
tion or the approaching of the glass transition of the 
composites. A combination of all of some of the 
effects may also be attributed to the decrease in elec-
trical conductivity causing the deviation in the 
Arrhenius plots. 
There composites have been selected to study the 
stability of electrical conductivity under isothermal 
conditions at 50°C, 70"C, 90"^^ 110°C, and 130°C. 
The temperature of the composite films was main-
tained at the temperature of study and the DC elec-
trical conductivity was measured at an interval of 15 
min in the accelerated ageing experiment showing in 
Figure 8(a-c). It has been observed that the electrical 
conductivity is stable at 50°C, 70'C, and 90X, for 
PANI:PET75, PANLPETIOO, and PANI:PET125. That 
supports the fact that the composites are sufficiently 
stable under ambient conditions in terms of EXZ elec-
trical conductivity retention below 90"C. The 
decrease in electrical conductivity with time of iso-
thermal ageing at 110°C and 130°C may be attrib-
uted to the loss of dopant and the chemical reaction 
of dopant with polymer, i.e., degradation of polymer 
composites. 
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Figure 5 TGA and DTA of (a) polyaniline and (b) 
polyethyleneterphthalene. 
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Figure 6 TGA and DTA of polyaniline:polyethylene-
terphthalene composites: (a) PANI:PET75; (b) PANI:-
PETIOO; and (c) PANI:PET125. 
decrease may be due to the loss of dopants and the 
chemical reaction of dopants with polymer. 
Electrochemical studies 
Electrochemical cell 
It consisted of Zn anode and PANI:PET75, 100, 125 
composite films as cathode of working area 2 cm^ 
immersed in an aqueous solution of IM ZnCl2 at pH 
4, separately in three constructed cell. There were 
used for the study of the variation of charging-dis-
charging cycles. ZnCl2 electrolyte is the choice of 
many researchers, who use Zn as anode in various 
types of batteries.^'^^ 
1000;T(K^ 
1000/T(K ) 
I 
e e 
u 
o 
These three composites, PANI:PET75, PANI:-
PETIOO, and PANI:PET125 have been selected to test 
the stability from 35 to 135°C in terms of the electri-
cal conductivity retention by cyclic technique as 
explained in experimental. In case of PANI:PET75 
the electrical conductivity decreases gradually up to 
cycle-5 as evident from Figure 9(a). In PANLPETIOO 
the electrical conductivity decreases gradually, how-
ever, a slight increase in electrical conductivity is 
observed in the second cycle shown in Figure 9(b). 
In case of PANI:PET125 composite, the electrical 
conductivity also decreases gradually towards cycle-
5 as evident from Figure 9(c). The increase in electri-
cal conductivity may be attributed to the annealing 
effect of heating on the composites, whereas the 
1000/T(K 
-I a 
,~ »• 
•«.i 
13 
Figure 7 The temperature dependence of DC electrical 
conductivity of the composite films in the range of 
SS-iaCC: (a) PANI:PET75; (b) PANI.PETIOO; and (c) 
PANI:PET125. 
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Figure 8 (a-c) EXZ electrical conductivity retention under 
isothermal conditions at SCC, 7 0 ^ , 90°C, llO^C, and 
130^C: (a) PANI:PET75; (b) PANI:PET100; and (c) 
PANI:PET125. 
When the cell was discharged by 140 mA current 
using 9-V battery (When 140 niA electricity (9-V bat-
tery) passes from anode towards cathode) the volt-
age was first reduced sharply as shown in Figure 10 
which was followed by a gradual voltage drop until 
the oxidized PANI form was changed to its reduced 
form and this discharging process completed in 60 
min. The electrical conductivity by four-in-probe 
technique of the cathode film was found to be 2.3 x 
l O ^ S c m ^ 
On the other hand when the cell was charged 
again by same (140 mA electricity passes from cath-
Journal of Applied Polymer Science DOI 10.1002/app 
ode towards anode) current 140 mA, the voltage 
increased slowly as shown in Figure 11 and the 
reduced form of PANI changed to its oxidized form. 
There is a limit to the charging voltage. The charging 
process completed in 40 min and the electrical con-
ductivity of the film was found to be 4.2 x 10 ' S 
c m " ^ Since this reaction is reversible, the cell reac-
tion during charging is the reverse of reaction dur-
ing discharging. Therefore, the over all discharging 
reaction of the cell is: 
[PANI - nH+(PET)][(nCr)] + nZn^ 
PANI(PET)-hnZnCl2 (10) 
Diffusion studies on PANLPET composite films 
Diffusion of dopants into conducting composite film 
can also be measured electrochemically. The trans-
port of ions into or out of a film can be followed by 
passing a short current pulse (5 s) to create an 
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Figure 9 (a-c) DC electrical conductivity retention under 
cyclic thermal conditions at 50°C, 70°C, 90°C, l lCC, and 
130°C: (a) PANI:PET75; (b) PANI:PET100; and (c) 
PANI:PET125. 
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Figure 10 Electrochemical discharging of polyaniline: 
polyethyleneterephthalate omposite films: (a) PANI:PET75; 
(b) PANI:PET100; and (c) PANI:PET125 in aqueous ZnClj. 
instantaneous excess, or deficit, of doping counter-
ion on the surface of the film immersed in an elec-
trolyte solution. By following the relaxation of the 
surface potential as the concentration of counter-ion 
returns to the equilibrium throughout the polymer, 
it is possible to determine the diffusion coefficient.^^ 
The diffusion coefficient was also measured as a 
function of doping level in the form of mol ratio of 
CI per aniline residue. The diffusion coefficient 
decreases with increasing dopant ion concentration. 
The plot of potential versus t~^^^ is linear and its 
slop yields the diffusion coefficient. The plots of the 
set of data from experiments on conducting compos-
ite films are given in Figure 12. Using this method, 
the diffusion coefficient of Cl~ into films were found 
to be ~ 6.48 x 10"'^ cm^ s^', which is lower than 
that previously reported values for diffusion coeffi-
cients of ions in pure polythiophene films by Foot 
et al.'^ * as given in Table I. It may be because our 
conducting composite films are very compact and 
y = 0.232^ 
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Figure 11 Electrochemical charging of polyanilinerpolye-
thylenetrephthalate composite films: (a) PANI:PET75; (b) 
PANLPETIOO; and (c) PANI:PET125 in ZnClj electrolyte. 
Figure 12 Diffusion behavior of (a) PET:PET75, (b) PET: 
PETIOO, and (c) PET:PET125 composite films. 
made by using the insulating polymer matrix. One 
concern, with measurements of this type, is that 
undoping of a film may result either from the out-
ward diffusion of dopant counter-ions or from the 
inward diffusion of polymer colons, which would 
then form a salt within the film. This possibility has 
been avoided in our composite film study by meas-
uring with doping pulse in sample which have only 
been doped in one direction, either reduction or 
oxidation. This suggests that some of the smaller 
anion may also be incorporated into the film, pas-
sively as dissolved salt and then removed during 
the undoping step. 
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TABLE 1 
Diffusion Coefficients of lons/MoIecuIes in Conducting Polymers 
Diffusing ion Polymer Measurement technique D (cm^ s"') 
BFJ 
Na+, C104 
Li+, AsFj 
Na+, 
AsFs 
SbF, 
Gaseous 
I2 
O2 
CIO4-
BF, 
AsF,-
Na+ 
CI 
CIO4 
Polythiophene 
Polythiophene 
Polythiophene 
Polythiophene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polydicarbazole 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Weight uptake 
Weight uptake 
Weight uptake 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Impedence 
3 X 1 0 " " 
3 X 10 '^ 
3 X 1 0 - " ' 
3 X 10 " 
3 X 1 0 " " 
6 X 10""" 
3 X 10""'^ 
1 X 10"'" 
8 X 10""'" 
8 X 10"'^ 
1 X 1 0 " " 
8 X 10"'^ 
10 *' - 10 10 
CONCLUSIONS 
We prepared conducting composites in the form of 
films by using a conducting polymer, polyaniline, in 
the insulating polymer matrix of polyethylenetereph-
thalate. The insulating polymer used in this study 
has good film forming properties besides other mer-
its, whereas conducting polymer has good environ-
mental stability and high electrical conductivity. The 
electrical properties of the composite materials were 
observed to be of good quality as almost all the com-
posites showed a great increase in their electrical 
conductivity from insulator to semiconductor region 
after doping with hydrochloric acid. All the compos-
ite materials were successfully characterized for their 
electrical properties and by using FTIR, SEM, and 
TGA. Stability in terms of DC electrical conductivity 
retention was observed to be fairly good as studied 
by several experimental techniques. The composite 
formulations were found to be suitable for use in 
electrical and electronic applications below 90°C 
under ambient conditions. The fihns were used as 
electroactive cathode in the self constructed electro-
chemical cells to estimate the diffusion coefficient of 
the dopant ions into the films by galvanostatic pulse 
technique. The dopant diffusion rates are in the low 
range of ~ 10"" cm^ s~' these values are too low 
for battery application, whereas the rates of dopant 
diffusion values aroimd 10 ^ cm^ s"^ are ideal for 
semiconductor applications. The electrochemical 
doping and undoping of chemically synthesized 
PANLPET composite films were performed success-
fully for the measurement of diffusion coefficient. 
The electrochemical cell model thus constructed 
was a wet type battery iii which the electrolyte was 
aqueous ZnCl2. The electrochemical processes of the 
secondary batteries involve the interconversion of 
chemical energy into electrical energy and vice 
versa. During the discharging of the cell, the anion 
(CI ) was released from the cathode, and the anode 
material was dissolved in the electrolyte forming cat-
ion (Zn^ "*") and deposition of these species occurred 
in case of charging process. Therefore, during dis-
charging and charging, diffusion of the anions takes 
place into and out of the film. Diffusion of Cl~ into 
the PANI.PET composite films was of Fickian type, 
yet the estimafion study could further be improved. 
The author (M.K.) is thankful to Dr. Farman-ur-Rahman 
Khan for his assistance in preparing the figures of this article. 
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Abstract: Electrically conducting composites consisting of polyaniline (PANI) and graphite (GP) were developed by oxidative 
polymerization of aniline in the presence of graphite. The composite material was characterized by FTIR spectral and TGA studies. The 
electrical conductivity of composite (PANI-GP) was higher than pure polyaniline. The experimental results indicated the stability in 
terms of DC electrical conductivity retention was studied in an oxidative environment by two slightly different techniques viz. 
isothermal and cyclic techniques. DC electrical conductivity of composite was found to be stable up to 90 °C for most of the 
composites under ambient conditions. 
Key words: Conducting polymer, polyaniline-graphite composite, electrical conductivity. 
1. Introduction 
An intrinsically conducting polymers (ICP) are more 
commonly known as a "synthetic metals." Its 
properties are intrinsic to a "doped" form of the 
polymer. This class of polymer is completely different 
from "conducting polymers," which are merely a 
physical mixture of a nonconductive polymer with a 
conducting material such as a metal or carbon powder 
distributed throughout the material. Among various 
conducting polymers, polyaniline (PANI) is a 
promising candidate for practical applications due to its 
environmental stability, solution processability, 
reversibility of control of electrical properties, and 
commercial availability. PANI has various intrinsic 
redox states [1]. 
There is a continued growing interest in the field 
conducting polymer composites due to their theoretical 
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as well as practical importance for the development of 
the solid-state batteries, gas sensing material, fijel cell 
and smart window [2-4]. Conducting composite 
materials are made by mixing of conducting filler as 
carbon black and graphite with insulating or 
conjugated polymers [5-7] have been used for their 
electrical and vapor sensing applications [8-15]. 
However, limited research has been done in the field of 
PANI composites with ionically conductive polymers, 
which provides mixed ionic and electronic conduction 
[16]. These composites are promising materials 
adaptable for batteries, sensors and electrochromic 
displays [17-18]. 
In this study, we introduce a simple chemical route 
to fabricate electrically conductive composite using 
polyaniline with graphite polyanilineemeraldine base 
(PANI) as electronically conductive polymeric filler. 
The stability in terms of retention of DC electrical 
property was studied in an oxidative environment by 
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two slightly different techniques has been reported in 
the present research work. 
2. Experiment 
2.1 Chemicals 
Graphite powder (Qualikems, Pvt Ltd. 325 Mesh) 
was dried at 70 °C before use. Aniline (Qualigen, A.R. 
grade) was distilled twice just before use. Ammonium 
persulphate (C.D.H. A.R. grade) was used as received. 
All other chemicals were used of A.R. grade. Doubly 
distilled water obtained from distillation plant 
(Borosilicate). 
2.2 Characterization 
The FTIR spectra of polyaniline and 
polyaniline-graphite composites were recorded by a 
Perkin Elmer 1725 instrument. The 
thermo-gravimetric analysis (TGA) were performed on 
the selected samples of composites by using a Perkin 
Elmer (Pyris Dimond) instrument heating from -25 
°C to 600 °C at the rate of 10 °C min'' in nitrogen 
atmosphere with the flow rate of 30 mL min". 
2.3 Fabrication of Polyaniline-Graphite Composites 
Polyaniline-graphite composite was synthesized by 
chemical oxidative polymerization of aniline in 
presence of graphite, using ammonium persulphate as 
an oxidizing agent in acidic medium. The detail 
procedure is given below. 
0.05 mole (5 mL) of aniline was dissolved in 100 mL 
of 1 M HCl solution and add 20, 60 and 100 mg of GP 
powder (5/20, 5/60 and 5/100 PANI-GP) followed by 
ultrasonicate for 30 minutes. The solution was kept in 
refrigerator for 3 hours to maintain 5 °C temperature. 
Precooled solution of 0.05 mole (11.4 g) of ammonium 
persulphate was dissolved in 100 mL of IM HCl 
solution. Both solutions were added slowly at room 
temperature with constant stirring. A greenish black 
precipitate was obtained after keeping the resulting 
mixture at low temperature (5-10 °C) over night. The 
precipitate was filtered and washed several times with 
distilled water in order to remove unreacted chemicals. 
The precipitate was dried in an oven at 50 °C and then 
kept in desiccators for experiments. The fine powder of 
composite was obtained by grinding the material with 
the help of pastel mortal. The fine powder of the 
composite was pressed in pellets form under 2.5 KN 
load using a hydraulic press. 
2.4 DC Electrical Conductivity Measurements 
The DC elecfrical conductivity of the doped 
composite films was measured with increasing 
temperature (35 °C to 130 °C) by using a four-in-line 
probe DC Elecfrical Conductivity Measuring 
Insfrument Fig. 1 (Scientific Equipments, Roorkee, 
India). DC Elecfrical conductivity (cr) was calculated 
using the following equations-
p = p„/G7(W/S) 
G7(W/S) = (2S/W)ln2 
Po = (V/I)27iS 
a = 1/p 
Low Carri'cii 'MH-IVI,-
I'mbcs 
Maiorial 
(1) 
(2) 
(3) 
(4) 
Digital Micaivoltmcscr 
Fig. 1 Set-upof conductivity measurement apparatus. 
G7(W/S) is a correction divisor which is a fiinction of 
thickness of the sample as well as probe-spacing where 
I, V, W and S are current (A), voltage (V), thickness of 
the film (cm) and probe spacing (cm) respectively. 
The isothermal stability of composites in terms of 
DC elecfrical conductivity retention was carried out on 
the selected samples at 50,70,90,110 and 130 °C in an 
air oven. The elecfrical conductivity measurements 
were carried out at an interval of 15 min. The thermal 
stability of the composites in terms of DC elecfrical 
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conductivity retention was also studied by a cyclic 
measurement of the DC electrical conductivity of the 
composite with increasing temperature from 35 °C to 
130 °C. The measurements were repeated on same 
sample in this temperature range for five times at 
intervals of 45 min. 
3. Results and Discussion 
3.1 Spectral Studies 
The FTIR spectra of synthesized pristine polyaniline 
absorption bands are at 1562.20, 1485.16, 1302.17, 
1244.39 and 1124,01 cm"', as shown in Fig. 2(a). The 
bands COTresponding to stretching vibration of N-B-N 
and N=Q=N structures appear at 1485.16 cm"' and 
1562.20 cm' respectively where -B- and =Q= stand for 
benzenoid and quinoid moieties in the polymer. The 
vibration mode of N=Q=N ring and stretching mode of 
C-N bond are appeared at 1124.01 cm'' and 1302.17 cm' 
respectively. The band close to 1130 cm'' is described as 
being characteristic of the conducting polymer due to the 
delocalization of electrical charges caused by 
deprotonation [19]. The FTIR spectrum also supports the 
presence of benzenoid as well as quinoid moieties in the 
polyaniline. A peak corresponding to out of plane 
bending vibration of C-H bond of pera-disubstituted 
benzene ring is appeared around 811.01 cm". 
2500 20O0 isex) 
wavenumbers [ c m ' 
Fig. 2 
2500 2000 1500 10O0 S( 
wavenumbers [ cm ' ] 
FTIR spectra of (a) polyaniline and (h) 
polyaniline-graphite composite. 
The interaction between polyaniline and the graphite 
can be observed in Fig. 2(b), where the absorption 
peaks are similar to pure PANI, except that the 
absorption band assigned to the C=C group of quinoid 
ring at 1124.01 cm'' was shifted to 1127.75 cm"', this 
shows the interaction between the big ;t-conjugated 
structure of graphite and the quinoid ring of polyaniline 
molecule. 
3.2 Thermogravimetric Studies 
Fig. 3(a and b) shows the TGA curves of pure PANI 
and PANI-GP composite. It can be seen that the weight 
loss curve of PANI-GP composite appeared above of 
pure PANI, indicating the enhanced thermal stability 
for the composite. In the TGA of polyaniline, the 
weight is lost around 43% up to 550 °C, where as in 
TGA of PANI-GP, around 16% weight is lost at the 
same temperature. These results can be attributed to 
thermally stable character of graphite for the 
degradation of composite material. This study suggest 
that PANI-GP composite is more stable than pure 
PANI up to 550 °C. 
3.3 Electrical Conductivities 
For the three samples of polyaniline-graphite (5/20, 
5/60, 5/100 PANI-GP) composites, the DC 
conductivity measurements were performed by using 
four probe techniques. It was observed that varying 
amount of graphite in the samples give different 
conductivity values, the maximum conductivity was 
recorded when 5/100 PANI-GP composite sample was 
taken. It may be due to the fact that polymer providing 
a matrix for graphite particles to align, in such a way 
that the transfer of electrons between PANI and GP 
becomes less restricted [20-22]. 
The plots of DC conductivity (a) versus 103/T(K) 
for the composites in the temperature range 30-80 °C 
depicted in Fig. 4. The increase conductivity with 
increasing temperature, all the composite samples in 
principle follow Arrhenius equation, and a linear 
variation of conductivity versus temperature is evident 
from the figure. 
m^ 
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Fig. 4 DC electrical conductivity versus lO'/T (K) (temperature) of the three PANI-GP composites. 
34 Composite of Polyaniline-Graphite: Preparation, Characterization and Stabiiity in Terms of DC 
Electrical Conductivity Retention 
1.6 
1.4 
1.2 
1 
0.8 
0.6 
0.4 
0.2 
O 
(a) 
S j ^ ^ ^ ^ S i ^ ^ 
-
-
r i i — - A c f - ><j 
~- j ^ 
' O Tennp 50 
—D^Terrp 70 
—X — Terrp 90 
—A—Temp 110 
—X—Tenia 130 
10 20 
Time (min) 
0 1.05 
0.95 
0.9 -
0.85 
— o — Terrp SO 
— o — Tenrp 70 
—^— Tern 90 
—X— Term 10 
—X—Term 30 
20 30 
Time (min) 
"0 1.05 
1 
0.95 
0.9 
0.85 
—O— Temp 50 
— D — Temp 70 
—X— Temp 90 
—^— Temp 110 
—X— Temp 130 
10 20 
Time (min) 
3 0 4 0 
Fig. S Stability in terms of DC electrical conductivity retention under isothermal conditions at SO, 70, 90, 110 and 130 °C (a) 
PANI-GP(5/20), (b) PANI-GP(5/60) and (c) PANI-GP(5/100). 
3.4 Isothermal Technique 
As reported earlier the conductivity of the composite 
material depends on time and temperature [23-25]. The 
polyaniline-graphite composites were observed to 
show enhanced electrical conductivity on exposure to 
HCl, due to the charge-transfer reaction between 
polyaniline component of the composites and doping 
agents, HCl [26-27]. 
PANI-H+(GP) + NH3 • PANI-(GP) + NH4'' (5) 
The samples 5/20, 5/60 and 5/100 PANI-GP were 
selected for the study of thermal Stability in terms of 
DC electrical conductivity retention. The isothermal 
stability of the composite materials in term of DC 
electrical conductivity retention was carried out at 50, 
70, 90, 110 and 130 °C in an air oven. The electrical 
conductivity measurements were done five times every 
after an interval of 10 minutes at a particular 
temperature. The electrical conductivity measured with 
respect to time is presented in Fig. 5 It was observed 
that all the composite materials followed Arhenius 
equation for the temperature dependence of the 
electrical conductivity from 50 to 90 °C and after that a 
deviation in electrical conductivity was observed it 
Composite of Polyaniline-Graphite: Preparation, Characterization and Stability in Terms of DC 
Electrical Conductivity Retention 
35 
may be due to the loss of dopant and degradation of 
materials. The stability of PANI-GP composite in 
terms of DC electrical conductivity retention was 
found to be fiiirly good as studied by isothermal 
technique. The polyaniline-graphite composite can be 
used in electrical and electronic applications below 90 
°C under ambient conditions. 
3.5 Cyclic Technique 
These three composites of polyaniline-graphite 
(5/20, 5/60,5/100 PANl-GP) have been selected to test 
the stability from 35 °C to 135 °C in terms of the 
electrical conductivity retention by cyclic technique as 
explained in experimental. In case of PANl-GP (5/20) 
the electrical conductivity decreases gradually up to 
cycle-5 as evident from Fig. 6(a). In PANl-GP (5/60) 
I-
I 
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Fig. 6 Stability of DC electrical conductivity of PANI-GP 
(a) 5/20, (b) 5/60, (c) 5/100 composite (cyclic technique). 
the electrical conductivity decreases gradually, 
however, a slight increase in electrical conductivity is 
observed in the second cycle shown in Fig. 6(b). In 
case of PANI-GP (5/100) composite, the electrical 
conductivity also decreases gradually towards cycle-5 
as evident from Fig. 6(c). The increase in electrical 
conductivity may be attributed to the annealing eifect 
of heating on the composites while the decrease may be 
due to the loss of dopants and the chemical reaction of 
dopants with polymer. 
4. Conclusions 
Polyaniline-graphite composite was synthesized by 
in situ polymerization of aniline in the graphite powder. 
The samples of polyaniline-graphite (5/20,5/60,5/100) 
possesses high electrical conductivity than that of pure 
polyaniline. Thermal stability in term of DC electrical 
conductivity retention is fairly good as studied by 
several experimental techniques. Most of the 
formulations of the composites so prepared are suitable 
for use in electrical and electronic applications below 
90 °C under ambient conditions. 
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Abstract. The polyaniline:nylon-6,6 (PANI:Ny-6,6) composite films were prepared by diffusion process and the oxidative 
polymerization of aniline within the nylon-6,6 matrix. The composite films were characterized by fourier transform infra-
red spectroscopy (FTIR), scanning electron microscopy (SEM) as well as for their electrical properties. The surface electri-
cal conductivity of the HCl (1 M) doped composite films increases with increase in the polyaniline content of the films. The 
study of electrical properties under isothermal conditions in the temperature range of 5O-130°C showed that the composite 
films were stable under ambient conditions below 90°C in terms of DC electrical conductivity retention. 
Keywords: polymer composites, electrical properties, thermal stability 
1. Introduction 
There is an explosive increase in the demand for 
composite materials in the last two decades, which 
are now available as materials with unique combi-
nation of properties. The electronic and optical 
properties of conducting polymer and insulating 
polymer matrix combined with attractive mechani-
cal properties and processing advantages of the 
polymers has now attained a level of maturity con-
sistent with a new set of opportunities to develop a 
wide range of application based conducting poly-
mer composites. Thus, the composites based on 
conducting polymers and insulating polymers have 
been studied as materials for industrial products, 
such as rechargeable batteries, conductive coatings, 
light emitting diodes, gas sensors and antistatic 
materials [1]. 
Polyaniline has been widely investigated due to its 
low cost, easy synthesis and high as well as tai-
lorable electrical conductivity depending upon the 
level of doping, environmental stability and inter-
esting redox properties [2-5]. In spite of its several 
desirable properties, the insolubility in conven-
tional solvents for processing [6] and poor mechan-
ical strength limit its application [7]. 
One of the ways to overcome these demerits is to 
prepare conducting composites of polyaniline by 
chemical or electrochemical polymerization within 
an insulating polymer matrix [8, 9]. It is easy to 
control the chemical polymerization of aniline 
within the insulating polymer matrix to prepare 
conducting composites of required electrical prop-
erties while retaining the mechanical strength of 
insulating polymer matrix [10-12]. In this paper, 
we have reported a simple chemical route to pre-
pare polyaniline:nylon-6,6 composite films. Nylon-
6,6 is one of the most popular materials used as 
fibers and thermoplastics. 
2. Experimental 
2.1. Reagents and chemicals 
The main chemicals used, for the preparation of 
composite films were: aniline, 99% (CDH, India), 
'Corresponding author, e-mail: faizmohammad54@rediffmail.com 
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711 
Khalid and Mohammad-eXPRESS Polymer Utters Vol.1. No.ll (2007) 711-716 
Table 1. Preparation 
Sample ID 
PANI:Ny-6,6-(l) 
PANI:Ny-6,6-(2) 
PANl:Ny-6,6-(3) 
PANI:Ny-6,6-(4) 
PANI:Ny-6,6-(5) 
PANl:Ny-6,6-(5a) 
PANI:Ny-6,6-(5b) 
PANI:Ny-6,6-(5c) 
details of polyaniline:nylon-6,6 composites 
Temp 
(°C] 
80 
80 
80 
80 
80 
80 
80 
80 
Time 
[h] 
10 "" 
15 
20 
25 
30 
30 
30 
30 
Weight of 
nylon-6,6 films [g] 
0.2658 
0.2658 
0.2658 
0.2658 
0.2658 
0.1627 
0.1694 
0.1794 
Amount of 
aniline soaked [g] 
0.0225 
0.0450 
0.0675 
0.0910 
0.1125 
0.0138 
0.0148 
0.0156 
Weight of film 
after soaking [g] 
0.2883 
0.3108 
0.3323 
0.3558 
0.3783 
0.1765 
6. "1842 
0.1960 
Weight of films after 
polymerization [g] 
0.2984 
0.3217 
0.3450 
0.3682 
0,3916 
6.23"% 
0.2416 
6.2643 
nylon-6,6 (from Research, Design and Standard 
Organization), hydrochloric acid, 35% (E. Merck, 
India), potassium persulphate, 98% (CDH, India). 
2.2. Preparation of poIyaniline:nyIon-6,6 
composite Alms 
Square shaped pieces of 0.265 g each were cut from 
nylon-6,6 sheet and then pressed into thin films by 
applying pressure of 10 tons in an Electrically 
Operated Automatic Pressure Machine maintained 
at a temperature of 220°C. The thickness of films 
varied in the range of 0.40 to 0.50 mm. Each film 
was kept for soaking in 30 ml of doubly distilled 
aniline for different periods of time in an air oven at 
80°C to allow aniline diffuse into nylon-6,6 matrix. 
Aniline soaked films were treated with 0.1 M 
potassium persulphate in 1 M HCl solution and left 
for 24 hours at ice temperature in order to polymer-
ize aniline within the nylon-6,6 matrix. Thus pre-
pared polyaniline:nylon-6,6 composite films were 
washed with doubly distilled water up to acid neu-
tralization and undoped by treatment with excess of 
aqueous ammonia (1 M) followed by washing with 
distilled water until the filtrate became neutral. The 
composite films were dried for 24 hours at 40°C in 
a dry box and then stored in desiccators for experi-
ments. Polyaniline:nylon-6,6 composite films were 
doped by treating with 1 M HCl solution at room 
temperature for 24 hours. The preparation details 
are given in Table 1. 
2.3. Testing methods 
For the study of the difference in surface morphol-
ogy between the parent materials and their compos-
ites, SEM micrographs were taken by LEO-435 VP 
SEM instrument. FTIR spectra of polyaniline: 
nylon-6,6 composites were recorded by Nicolette-
Proteg6 460. DC electrical conductivity of the 
doped composites films was measured with 
increasing temperature by using a four-in-line 
probe technique. DC electrical conductivity (a) 
was calculated using Equations (1) and (2): 
Po 
G^(^IS) (1) 
(2) 
where a, p, po, VV and S electrical conductivity 
[S/cm], corrected resistivity [Qcm], uncorrected 
resistivity [Q-cm], thickness of the film [cm] and 
probe spacing [cm] respectively [13]. Gi(WIS) is a 
correction divisor, which is a function of thickness 
of the sample as well as probe spacing. The sample 
to be tested is placed on the base plate of four-probe 
arrangement and the probes were allowed to rest in 
the middle of the sample. A very gentle pressure is 
applied on the probes and then it was.tightened in 
this position so as to avoid piercing of the probes 
into the samples. The arrangement was placed in 
electrically controlled oven. The current was 
passed through the outer probes and the floating 
potential across the inner pair of probes was meas-
ured. The power supply of the oven was then 
switched on, the temperature was allowed to 
increase gradually. The current and voltage were 
recorded simultaneously with a rise in the tempera-
ture. 
The thermal stability of composite samples in terms 
of DC electrical conductivity retention was studied 
under isothermal conditions by using four-in-line 
DC electrical conductivity measuring instrument. 
This study was carried out at 50, 70, 90, 110 and 
130°C on the selected composite films. The electri-
cal conductivity measurements were done at an 
interval of 10 min. 
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3. Results and discussion 
3.1. Preparation of conducting polymer 
composite films 
The preparation of polyanil!ne:nylon-6,6 compos-
ite films was done by diffusing of aniline into 
nylon-6,6 matrix. During this process, some 
amount of nylon-6,6 was dissolved in aniline pro-
ducing jelly like precipitate above 80°C as well as 
if kept in aniline for more than 30 hours at 80°C. 
Therefore, the temperature and duration of soaking 
of aniline within the nylon-6,6 matrix were selected 
at 30 hours and 80°C respectively. The composi-
tion of composite films for the determination of 
variation in elecu-ical conductivity of the composite 
films, due to the change in amount of nylon-6,6, 
four different samples were prepared as same tem-
perature and time. Hence, a number of HCl doped 
polyaniline:nylon-6,6 composite film samples were 
prepared as detailed in Table 2. 
When aniline is oxidized with 0.1 M potassium 
persulphate (K2S2O8) in acidic media (HCl), the 
protonated conducting form of polyaniline (emeral-
dine salt) is produced with black color [14]. 
SchoUhorn and Zagefka [15] have suggested a 
redox reaction for ammonia or amine intercalation 
into layered metal chalcogenides, which has been 
further supported by the work of Foot and Shaker 
[16]. On the basis of disproportionation reaction of 
ammonia as suggested by Mohammad [17] for the 
undoping of polythiophene (PTH) by water. The 
overall chemical reactions are given in Equa-
tions (3)-(7): 
PTH^-BF4 + HsO"^  + e'—*- PTH + HBF4 + H2O 
HBF4 HF + BF3 
(6) 
(7) 
The charge neutralization reaction depends on the 
rate of chemical reaction between the doped poly-
mer and undoping agent, which depends upon the 
reactivity of the polymer chain and basic strength 
of undoping agent [17]. The basic strength of water 
is very low, hence, it does not act as an effective 
undoping agent in the case of polyaniline, however, 
an analogous neutralization reaction for the undop-
ing of the polyaniline component of the composites 
by ammonia solution may be suggested as shown 
by Equations (8) and (9): 
NH3 + H2O NH4OH 
[(PANI-nH" (Ny-6,6)][(nCr)] + nNH40H 
-*• PANI(Ny-6,6) + nNH4Cl + /JH2O 
(8) 
(9) 
8NH3 6NH4^+ 6e" + N2 (3) 
Recently, it has been reported that PANI:Ny-6 
composite film consisted of layers, the outer layers 
were conducting composite layers and the inner 
layer was pristine nylon-6 [18]. In a similar way, it 
seems that polyaniline is mainly polymerized in the 
outer layer of the composite film (PANI:Ny-6,6) 
and this layers retards the diffusion of the oxidant 
solution to the interior side and prohibits polyani-
line from being polymerized inside the film or ani-
line does not diffuse deep inside the polymer 
matrix as observed in the cross-sectional view of 
the films. 
PTH'^-BF4' ' + NH4'' + e" - ^ PTH + NH4BF4 (4) 
6H2O 4H3O"' + 4e~ + O2 (5) 
3.2. Characterization 
3.2.1. SEM studies 
Figure 1 shows the SEM photographs of polyani-
line, nylon-6,6 and polyaniline:nylon-6,6 compos-
Table 2. Preparation details of HCl doped poIianiline:nylon-6,6-(5) composite films 
Sample ID 
i jPANI:Ny-6,6-(l) 
PANI:Ny-6,6-(2) 
PANr:Ny-6,6-(3) 
PANI:Ny-6,6-(4) 
PANI:Ny-6,6-(5) 
PANI:Ny-6,6-(5a) 
PANI:Ny-6,6-(5b) 
PANl:Ny-6,6-(5c) 
Amount of 
aniline soaked [%] 
08.4 
16,9 
25.3 
33.8 
42.3 
42.3 
42.3 
42.3 
Color 
As-prepared 
light green 
light green 
green 
green 
dark green 
dark green 
dark green 
dark green 
HCl doped 
light brown 
light brown 
dark brown 
black 
black 
black 
black 
a [S/cm] 
very low 
very low 
-10-5 
~io-' 
-10-' 
0 . 1 2 M V I ^ 
0.262-10-' 
black i 0.134-10-' 
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ite at different magnifications. Evidently, the 
homogeneous formation of composites of polyani-
line in the nylon-6,6 matrix is observed. The sur-
face morphology of chemically prepared PANI 
showed a cloudy structure while that of nylon-6,6 is 
somewhat granular and the morphology of compos-
ite film is totally different from their parent com-
pounds i. e. PANI and nylon-6,6. The difference in 
surface morphology of composite indicates the 
binding of the parent component consequently, the 
formation of a composite. 
3.2.2, FTIR studies 
The FTIR spectra of polyaniline:nylon-6,6 com-
posites are presented in Figure 2. The band corre-
sponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene rings appears at 
824 cm-'. The bands corresponding to stretching 
vibration of N-B-N and N=Q=N structures appear 
at 1497 cm-i and 1587 cm-' respectively where 
- B - and =Q= stand for benzenoid and quinoid moi-
eties in the polymer. The bands corresponding to 
vibration mode of N=Q=N ring and stretching 
mode of C-N bond appear at 1143 and 1302 cm-'. 
The band close to 1130 cm-' is described as being 
characteristic of the conducting polymer due to the 
delocalization of electrical charges caused by 
deprotonation. The FTIR spectrum supports the 
presence of benzenoid as well as quinoid moieties 
in the polyaniline. The characteristic bands at 
around 688, 1642, 3303 cm-' attributed to nylon-
6,6 are present in all the composites. As-prepared 
polyaniUne: nylon-6,6 composite showed a strong 
4000 3000 2000 
Wavenumber |cm ' 
1000 
Figure 1. SEM photograph of a) polyaniline, b) nylon-6,6 
and c) of PANI:Ny-6,6-(5) composite film 
Figure 2. FTIR spectra of polyaniline.nylon-6,6 composite 
films, a) PANI:Ny-6,6-(3), b) PANI:Ny-6,6-(4) 
and c) PANI:Ny-6,6-(5) 
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band around 1650 cm-' corresponding to carbonyl 
group of nylon-6,6. For polyaniline, the band corre-
sponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene ring appears 
around 824 cm-'. The bands corresponding to 
stretching vibration of N-B-N and N=Q=N struc-
ture appear around 1377 cm-' and 1500 cm-' 
respectively (where - B - and =Q= stand for ben-
znoid and quinoid moieties in the polymer). The 
band corresponding to stretching mode of C-N 
bond appears at 1504 cm-' [19]. The gradual 
increase in the intensities of the bands correspon-
ding to polyaniline and decrease in the intensities 
of bands corresponding to nyIon-6,6 support the 
gradual change in the composition of the composite 
samples. 
3.2.3. Stability in terms of DC electrical 
conductivity retention 
Three samples, PANI:Ny-6,6-(3), PANI:Ny-6,6-(4) 
and PANI:Ny-6,6-(5) were selected for the study of 
thermal stability in terms of DC electrical conduc-
tivity retention. It was observed that the electrical 
conductivity of PANI:Ny-6,6 composites increased 
on exposure to HCl, due to doping of polyaniline 
component of the composite films, as evident from 
Equation (10) [20, 21]: 
PANI(Ny-6,6) + «HC1 
- ^ [(PANI-nH"'(Ny-6,6)][(nCr)] (10) 
The isothermal stability testing of the HCl doped 
films in terms of DC electrical conductivity reten-
tion was carried out at 50, 70, 90,110 and 130°C in 
an air oven. The electrical conductivity measure-
ments were done at an interval of 10 minutes in the 
accelerated ageing experiments. The electrical con-
ductivity measured with respect to time of acceler-
ated ageing is presented in Figure 3. The thermal 
stability was also studied by repeatedly measuring 
DC electrical conductivity with increasing temper-
ature from 30 to 130°C for five times at an interval 
of 40 minutes. 
The electrical conductivity of the polyaniline: 
nyIon-6,6 films was measured from 30 to 130°C 
and found to be in the semi-conducting region. All 
the composite films followed the Arhenius equa-
tion for the temperature dependence of the electri-
cal conducfivity from 30 to 115°C. After that a 
deviation in electrical conductivity was observed. 
A combination of all or some of the following fac-
tors could be responsible for the decrease in electri-
cal conductivity beyond 130°C such as the loss of 
dopant and degradation, the chemical reaction of 
dopant with polyaniline or nylon-6,6, the semi-con-
ductor to metal transition and the approaching of 
Tg. The studies on the stability of electrical conduc-
tivity under isothermal conditions at 50,70, 90, 110 
and 130°C showed that the electrical conductivity 
is stable at 50,70 and 90°C supporting the fact that 
all the composite films were sufficiently stable in 
term of DC electrical conductivity retention under 
ambient conditions below 90°C and the electrical 
conductivity decreases with respect to time at 110 
and 130°C may be attributed to the loss of dopant. 
The stability in terms of DC electrical conductivity 
retention was observed to be fairly good as studied 
" 1.6 n 
| , . 4 
& \2 -
I 0,8 
S 0.6 
i 0.4 . 
SJ 
0.2 . 
- 50 
- 70 
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10 20 30 
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1 
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10 20 30 40 
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40 
Figure 3. Stability in terms of DC electrical conductivity 
retention under isothermal conditions at 50, 70, 
90, 110 and 130°C. a) PANI:Nylon-6,6-(3), b) 
PANI:Nylon-6,6-(4) and c) PANI:NyIon-6,6-(5) 
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by isothermal technique. The polyaniline:nylon-6,6 
composite films were found to be suitable for use in 
electrical and electronic applications below 90°C 
under ambient conditions. 
4. Conclusions 
The preparation of conductive polyanilinernylon-
6,6 composite films is very successfully demon-
strated by diffusion of aniline monomer in to the 
nylon-6,6 matrix followed by oxidative polymer-
ization of aniline within the nylon-6,6 matrix tech-
nique. Thus prepared polyaniline:nylon-6,6 com-
posite films possess high electrical conductivities at 
higher doping levels. It is also observed that the 
electrical conductivity of polyaniline:nylon-6,6 
films increases with increase in polyaniline content 
of the composite. The composite material was suc-
cessfully characterized for their electrical proper-
ties, FTIR and SEM. Thermal stability in term of 
DC electrical conductivity retention is fairly good 
as studied by several experimental techniques. 
Most of the formulations of the composites so pre-
pared are suitable for use in electrical and elec-
tronic applications below 90°C under ambient con-
ditions. 
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Electroanalytical studies on electrically conductive polyaniline: 
Nylon-6,6 composite film 
MOHD. Khalid, ATIKA Khatoon, FAIZMohammad' 
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Abstract: Electrically conductive composite films of 
polyaniline and nylon-6,6 are prepared by diffusing aniline 
followed by oxidative polymerization of aniline into nylon-6,6 
matrix. In order to determine the diffusion coefficient for the 
chloride ion diffusion into the composite matrix 
electrochemically, galvanostatic pulse method is used and the 
diffusion coefficient is estimated to be ~6.48X10'"cmV'. The 
results are discussed in view of them being potential 
replacement materials for battery electrodes and sensors 
devices. 
Key words: composites; diffusion in conducting composites; 
polyaniline; charging-discharging 
1. Introduction 
As the electrical conductivity of insulating 
polymers can be increased by the addition of 
electrically conducting polymers, the resulting 
composites can also be used in applications where 
metals have typically been the materials of choice. The 
advantages of using these materials include their 
lightweight, resistance to corrosion and their 
adaptability to the needs of a specific application. 
These composites possess outstanding electrochemical, 
chemical and mechanical properties. Electrically 
conductive and mechanically robust composite 
materials have found use in advanced technologies 
including electronic''', electro-optical'^' and energy 
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Storage devices'^'. The electrical conductivity of 
composite films can be tailored to the specifications of 
the desired application over a wide range simply by 
changing the doping level or weight fraction of the 
conductive filler. Polyaniline is a promising candidate 
as conductive filler for polymeric composite films, due 
to its environmental stability, reversibility of electrical 
properties and commercial availability. Many 
researchers have reported polyaniline composite 
supported by various insulating matrices, such as 
polyvinyl alcohol''*', polyvinyl chloride'^', 
polyacrylonitrile'*', nylon-6''' and nulon-66'*l 
Recently, it has been reported that the hydrogen bonds 
between conducting polymers, e.g. polypyrrole, 
polyaniline etc. and host polymers such as polyvinyl 
alcohol, poly(bis-phenol carbonate) can be formed in 
conductive polymer composite systems''"'"'. This 
hydrogen bonding between conductive polymer and 
host polymer is known to enhance the compatibility 
and physical properties of the composite. In our 
previous reported work'"'^', we have studied the 
diffusion measurements into and out of 
electrochemically prepared polythiophene, polj^yrrole 
and chemically prepared polyaniline/polyacrylonitrile 
composite films. 
In this paper, we have reported a simple chemical 
route to fabricate electrically conductive composite 
film, using nylon-6,6 as supportive matrix and 
polyaniline as the electronically conductive polymer. 
The resulting material is environmentally stable and 
mechanically strong in the form of freestanding films. 
One of the most promising applications of conducting 
Electroanalytical studies on electrically conductive polyaniline: Nylon-6,6 composite film 
polymers, that is the focus of attention worldwide, is 
that of hghtweight batteries. While a number of the 
conjugated polymers have been tried and tested, most 
of them failed to exhibit the desired properties, 
specifically with respect to stability. However, 
batteries made using either polypyrrole or polyaniline 
as the positive electrode (cathode) and 
lithium-aluminium alloy as the negative electrode 
(anode) could exhibit much more respectable 
properties'""''*'. The electrolytes in these cases were 
either LiCJO^ or LiBF4 in propylene carbonate (a 
highly aprotic solvent, which is also fairly resistant to 
oxidation). During the battery discharge, electrons 
moves from the lithium alloy (which gets oxidized) to 
the polyaniline cathode (which gets reduced), as Li* 
from the anode and BF4 from the cathode enter the 
electrolyte. One major drawback of this battery was 
that the energy density or energy storage capacity was 
low and its recyclability (charging-discharging cycles) 
was relatively poor. More recently, however, some 
composites of an alkali metal alloy and aromatic 
electrically conducting polymers have been very 
effectively used as anode materials in batteries that 
exhibited much higher energy densities, of around 
65mWH/g (compared with nickel-cadmium batteries 
which have about 39mWH/g). In these cases, the 
conducting polymer (ionic conductor) serves as a 
binder for the alkali metal alloy (electronic conductor), 
forming a multiply coimected, electronically as well as 
ionically, conductive network within which the alloy 
particles are held. The mixed ionic and electronic 
conductivity of the conducting polymer binder allow 
the alloy particles to continue the electronic and ionic 
processes associated with the charge-discharge cycles, 
consequently extending the battery cycle life. Thus, the 
prospects of polymeric battery are still alive and are 
awaiting fiirther technological refinement"^'. 
As the electroanalytical characterization of such 
materials is a pre-qualification to select them for a 
particular application, this paper presents the 
preparation and electroanalytical characterization of 
electrically conducting composites based on 
polyaniline and nylon-6,6. 
2. Experimental 
2.1 Preparation of composite films 
The preparation of polyaniline:nylon-6,6 
composite film (as a cathodic material) was done by 
immersing nylon-6,6 films into aniline monomer 
(doubly distilled). Nylon-6,6 was (from Research, 
Design and Standards Organization, India) easily 
available an engineering polymer of excellent polymer 
properties. Nylon-6,6 films were kept separately in 30 
ml doubly distilled aniline for different periods of time 
in an air oven at 80°C to allow diffusion of the aniline 
into the nylon-6,6 matrix. Aniline soaked films were 
pressed at 10 ton (Electrically Operated Automatic 
Pressure Machine, TSl PFA-15 India), at a constant 
temperature of 220°C and the thickness thus obtained 
of the films was -0.4 mm. The films were then dried 
with filter paper to remove the residual monomer on 
the film surface and then were treated with O.IM 
potassium persulphate in IM HCl for 24 hours in order 
to polymerize aniline into the nylon-6,6 matrix. The 
films were washed with doubly distilled water and 
undoped by IM ammonia solution for 15 h to convert 
the conductive emeraldine salt to the insulating 
emeraldine base followed wash by distilled water until 
the filtrate became neutral. The composite films were 
redoped with IM HCl for 24 hours, dried for 48 hours 
at 45°C in a dry box and then stored in desiccator for 
experiments. 
PANI:Ny-6,6 composite film as the working 
electrode and Zn or Al foil as anode (counter 
electrode), Pt foil was used as a reference electrode to 
monitor the potential of PANI:Ny-6,6 cathode during 
experiment. An equal area of each electrode was 
immersed in 40 ml of electrolyte solution (IM ZnCl2 or 
O.IM AICI3 (DMSO)) in a glass beaker. The positive 
pole of 9-volt battery was connected to counter 
electrode (Zn or Al) foil by Teflon coated platinum 
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wire and the negative pole of the battery was connected 
to the working electrode (PANI:Ny-6,6 composite 
film). However the reference electrode was connected 
to the digital micro-voltmeter as shown in Fig.l. 
It 
Reference Wiiidng Coniiter 
Ele<texle Ekctnle Qectiode 
Fig. 1 Setup of electrochemical cell for 
charging-discharging and diffusion measurements 
2.2 Estimation of diffusion coefficient 
The various techniques available for ionic 
diffusion measurement have been discussed briefly by 
Crank and Park''*'. The galvanostatic pulse technique 
has been used very successfully to estimate Li^ ion 
diffusion in TiSj by Wimi et al.''^' and in NiPSj, FePSs 
and FePSe3 single crystal by Foot''*'. In this method, a 
constant current pulse is passed through the 
equilibrated electrode material. This causes a change in 
the electrode potential against a quasi-standard 
electrode due to deposition of a quantity of ions 
equivalent to IP/F on the electrode surface. An amount 
of 10"'" to 10* mol of dopant (depending upon strength 
of pulse) is deposited on the polymer electrode as the 
diffusion equation would be valid only for small 
changes in electrode potential i.e. small change in mole 
ratio (y). Clean Al or Pt foil is used as a quasi-standard 
electrode. Potential of this "quasi-standard" electrode 
may be assumed to be constant during the experiment, 
as equilibration does not take too long (4-5 min). As the 
deposited ions diffuse into the electrode material, the 
surface concentration changes and the electrode 
potential recovers. A plot of recovery voltage (E,) 
against f"^  should follow a straight line, if the diffusion 
behavior is governed by Pick's law. The following 
expression is used for the estimation of the diffusion 
coefficient for the ions into and out of the electrode 
material. 
( ^ ^ - ) _ IP 
exp (1) ( l -y)FAC„V^ 
Plot of (E, - Eo) versus t''^ follows a straight line 
of slope (S), 
IPRT 
S = - (2) ( l -y) 'F 'AC„V^ 
where I is the current strength of impulse (A), P is 
the duration of the impulse (s), R is the universal gas 
constant (8.314 J mol'K"'), T is the experimental 
temperature (K), F is Faraday's constant (96487 
coulombs mof'), A is the area of working electrode 
(cm^), Co is the dopant concentration in the composite 
film (mol cm'^), (I-y) is the concentration correction 
factor and EQ is the original equilibrium potential of the 
electrode. This method is preferred because during data 
acquisition, the current does not pass through the 
electrode material. So no correction has to be made for 
electron transfer kinetics or variable Ohmic (IR) 
potential difference. 
It is essential to know that the extent of dopant 
present in the films for the estimation of the diffusion 
coefficient,therefore,as-preparedpolyaniline:nylon-6,6 
composite films are undoped in electrochemical cell 
containing appropriate electrolyte solution by applying 
a limiting current of few-microamperes at 40°C, some 
before and some after diffusion measurements, to 
establish that there is no loss of dopant by any other 
reaction such as moisture compensation during data 
acquisition. The voltage against an aluminum electrode 
is recorded at regular intervals'"'. 
itM 
Mol. Ratio (y)= — 
Dopant concentration (Co) • rmol cm' (M. + yM) 
where y is the mol ratio (number of mol of dopant 
present per monomer unit), i is the strength of the 
current passed (A), t is the time taken in undoping (s), 
W is the weight of polymer (g), Co is the dopant 
concentration in polymer composite (molcm"'), Mn, is 
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the formula weight of monomer residue (g), F is the 
Faraday's constant (96487 C mol'), d is the density of 
the polymer and Md is the formula weight of dopant ion 
(g). 
3. Results and discussion 
The preparation of polyaniline:nylon-6,6 
composite films is done by diffusing aniline into 
nylon-6,6 matrix. During this process, the films of 
nylon-6,6 initially undergo swelling by the diffused 
aniline. However, the films form brown colored jelly 
like material if kept in aniline above 80 • • for 
prolonged duration. Therefore, the temperature and 
duration of soaking of aniline within the nylon-6,6 
matrix are selected to be 80 • • and 30 hours 
polyaniline:nylon-6,6 composite film samples are 
prepared (Table 1). The higher conductivity is obtained 
in the films containing higher proportions of aniline. 
Butz and Saitovitch'^ "^ have suggested that the 
charge-transfer reaction for ammonia or amine 
intercalation into the layered compound TaS2 studied 
by perturbed angular correlations, which has been 
further supported by the work of Foot, Shaker and 
Mohammad'""'*'. The overall chemical reactions are 
given in the following equations: 
8NH3 • 6NH/ + N2 + 6e" 
6H2O • 4H3O+ + 4e- + O2 
PTH'^ -BF4" + NH4^ + e" • PTH + NH4 BF4 
PTIT'-BF/ + HjO^ + e" • + HBF4 + H2O 
(4) 
(5) 
(6) 
(7) 
n [PANl:Ny-6,6-H''(Cr)] + n NH4'^  + n e 
respectively. Hence, a number of HCI doped ^ L 
Table 1 Preparation details of HCI doped polyaniline: n3 
Sample ID 
PANI:Ny-6,6-l 
PANI:Ny-6,6-2 
PANI:Ny-6,6-3 
PANI;Ny-6,6-4 
PANI:Ny-6,6-5 
TempCO 
80 
80 
80 
80 
80 
Time(li) 
10 
15 
20 
25 
30 
As-prepared 
Light green 
Light green 
Green 
Green 
Dark green 
r/\iNiaNy-o,oj -t- 11 . 
don-6,6 composites. 
Color 
HCI doped 
Light brown 
Light brown 
Dark brown 
Black 
Black 
iNri4<^i \fi) 
Very low 
Very low 
~io-' 
-10-^ 
-10-^ 
The charge neutralization reaction depends on the 
rate of chemical reaction between the doped polymer 
and undoping agent. This in turn will depend upon the 
reactivity of the polymer chain and basic strength of 
undoping agent. 
Recently, it has been reported that PANI:Ny-6 
composite film consisted of layers, the outer layers 
were of conducting composite layers and the inner 
layers was pristine nylon-6'^'. In the similar way, it 
seems that polyaniline is mainly polymerized in the 
outer layer of the composite film (PANI:Ny-6,6) and 
that these layers retard the diffusion of the oxidant 
solution to the interior and prohibits polyaniline fi-om 
being polymerized inside the film or aniline does not 
diffuse deep inside the polymer matrix. It is evident 
from in the cross-sectional view of the films analyzed 
by the binary microscope at high magnification in 
which the core of the films are observed to be clear and 
white in color. 
3.1 FTIR studies 
The FTIR spectra of polyaniline:nylon-6,6 
composites are presented in Fig. 2. The band 
corresponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene rings appears at 824 
cm"'. The bands corresponding to stretching vibration 
of N-B-N and N=Q=N structures appear at 1497 cm' 
and 1587 cm' respectively where ~B- and =Q= stand 
for benzenoid and quinoid moieties in the polymer. The 
bands corresponding to vibration mode of N=Q=N ring 
and stretching mode of C-N bond appear at 1143 cm' 
and 1302 cm" respectively. The band close to 1130 
cm" is described as being characteristic of the 
Electroanalytical studies on electrically conductive polyaniline: Nyion-6,6 composite film 
conducting polymer due to the delocalization of 
electrical charges caused by deprotonation. The FTIR 
spectrum supports the presence of benzenoid as well as 
quinoid moieties in the polyaniline. The characteristic 
bands at around 688, 1642, 3303 cm' attributed to 
nylon-6,6 are present in all the composites. 
As-prepared polyaniline:nylon-6,6 composite showes a 
strong band around 1650 cm"' corresponding to 
carbonyl group of nylon-6,6. For polyaniline, the band 
corresponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene ring appears around 
824 cm"', the bands corresponding to stretching 
vibration of N-B-N and N=Q=N structure appear 
around 1377 cm"' and 1500 cm"' respectively (where 
-B- and =Q= stand for benzenoid and quinoid moieties 
in the polymer). The band corresponding to stretching 
mode of C-N bond appears at 1504 cm"' '^''. 
34WO 2000 1000 
Wave Number (cm'*) 
Fig. 2 FTIR spectra of (a) polyaniline, (b) nylon-6,6, (c) 
PANl: Ny-6,6-3, (d) PANI:Ny-6,6-4 and (e) PANI:Ny-6,6-5 
The band corresponding to hydrogen bonding 
between >C=0 of nylon-6,6 and >N-H of polyaniline 
appears at 3650 cm"'. The gradual increase in the 
intensities of the bands corresponding to polyaniline 
and decrease in the intensities of bands corresponding 
to nylon-6,6 support the gradual change in the 
composition of the composite samples. 
3.2 Electrochemical Studies 
3.2.1 Electrochemical cell no. 1 (E-1) 
It consists of Zn anode and polyaniline: nylon-6,6 
composite film as cathode of working area 2 cm^ 
immersed in an aqueous solution of IM ZnCl2 at pH 4. 
It is used for the study of the variation of 
charging-discharging cycles. This electrolyte is the 
choice of many researchers, who used Zn as anode in 
various types of batteries'^ ^"^ '^. 
When the cell is discharged by 140 mA current 
using 9-volt battery (when 140 mA electricity passes 
from anode towards cathode) the voltage is first 
reduced sharply as shown in Fig. 3 (E-1) which is 
followed by a gradual voltage drop until the oxidized 
PANI form is changed to its reduced form and this 
discharging process is completed in 45 minutes. The 
electrical conductivity by four-in-probe technique of 
the cathode film was found to be 2.3X10"^ Scm"'. On 
the other hand, when the cell is charged again by same 
(140 mA electricity passes from cathode towards 
anode) current, 140 mA, the voltage will increase 
slowly as shown in Fig. 4 (E-1) and the reduced form of 
PANI changes to its oxidized form. There is a limit to 
the charging voltage. The charging process is 
completed in 40 minutes and the electrical conductivity 
of the film is found to be 4.2 xlO"' Scm"'. Since this 
reaction is reversible, the cell reaction during charging 
is the reverse of reaction during discharging. 
Therefore, the overall discharging reaction of the cell 
is: 
2n [PANI:Ny-6,6-H"'(Cl')] 
• 2n [PANI:Ny-6,6-H] 
nZn 
n ZnCIz (8) 
3.2.2 Electrochemical cell no. 2 (E-2) 
It consists of Al anode and polyaniline: nylon-6,6 
composite films as cathode of working area 2 cm 
immersed in non-aqueous solution of AICI3 (O.IM) in 
DMSO at pH 3. It is used for study of 
charging-discharging cycle. The cell is discharged by 
using 140mA current. The voltage is reduced sharply 
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as shown in Fig. 3 (E-2), then voltage drops gradually 
and completely discharges in 40 minutes. The electrical 
conductivity of cathodic film is observed to be 2.7x10'^ 
Scm"'. When the cell is charged by using 140mA, the 
voltage increases slowly as shovra in Fig. 4 (E-2) and 
charging process is completed in 35 minutes and the 
conductivity of this film reaches tol.4xl0"' Scm"'. The 
cell voltage is simultaneously measured in 
galvanostatic conditions. PANI:Ny-6,6 composite 
films are investigated at 30°C as working electrodes for 
secondary cell containing either aqueous IM ZnC^ or 
non-aqueous O.IM AICI3 in DMSO electrolytes 
respectively shows almost similar behavior for 
PANI:Ny-6,6 composite films in acidic media. 
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Fig. 3 Voltage versus time for discharging process of 
electro-chemical cell employing polyaniline:nylon-6,6 
cathode. E-1 (aqueous ZnCy and E-2 (AlCljin DMSO) 
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Fig. 4 Voltage versus time for charging process of 
electrochemical cell employing polyaniline: nylon-6,6 
cathode. E-1 (aqueous ZnCh) and E-2 (AICI3 in DMSO) 
3.3 Diffusion studies on PANI:Ny-6,6 
composite films 
Diffusion of dopants into conducting composite 
film can also be measured electrochemically. The 
transport of ions into or out of a film can be followed 
by passing a short current pulse (5 seconds) to create an 
instantaneous excess, or deficit, of doping counter-ion 
on the surface of the film immersed in an electrolyte 
(AICI3 in DMSO) solution. By following the relaxation 
of the surface potential as the concentration of 
counter-ion returns to the equilibrium throughout the 
polymer, it is possible to determine the diffiasion 
coefficienr ''. The diffiision coefficient is also 
measured as a function of doping level in the form of 
mol ratio of CV per aniline residue. The diffiision 
coefficient decreases with increasing dopant ion 
concentration. The plot of potential versus time" is 
linear and its slope yields the diffiision coefficient. The 
plots of the set of data from experiments on conducting 
composite films are given in Fig. 5. Using this method, 
the diffiision coefficient of CI" into film is found to be 
~6.48 xlO"'' c m V , which is lower than the reported 
values for diffusion coefficients of ions in pure 
polythiophene films by Foot et al.'^ '*' as shown in Table 
2. This may be due to the insulating nature and 
compactness of polymer matrix of nylon-6,6. One 
concemed with the measurements of this type, is that 
the undoping of a film may result either from the 
outward diffusion of dopant counter-ions or from the 
inward diffusion of polymer co-ions, which would then 
form a salt within the film. This possibility has been 
avoided in our studies by measuring with doping pulse 
in samples which have only been doped in one 
direction, either reduction or oxidation. 
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Fig. 5 Recovery voltage versus t-1/2 plot for the C\' diffusion into and out of four 
composite film (PANI: Ny-6,6-5) 
Table 2 Diffusion coefficients of ions/molecules in conducting polymers. 
Diffusing Ion 
BF4" 
Na", C104" 
Li*, AsF6" 
Na*, SbF6-
AsF; (gaseous) 
I2 
O2 
CIO4" 
BF4" 
AsF,-
Lr 
Na" 
cr 
CI04-
Polymer 
Polythiophene 
Polythiophene 
Polythiophene 
Polythiophene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyacetylene 
Polyanilne membrane 
Polydicarbazole 
Measurement Technique 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Weight uptake 
Weight uptake 
Weight uptake 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Electrochemical 
Warburg impedence 
Electrochemical impedence 
D (cm2s-l) 
3x10"'^  
3x10'^ 
3x10"'^  
3x10" 
3x10"'^  
6x10'^ 
3x10-'^  
1x10'^ 
SxlO'" 
8x10" 
1x10"'^  
8x10'^ 
2.7x10" 
10-8-10-10 
Ref. 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
25 
26 
4. Conclusions 
In this work, we have successfully reported a 
simple chemical route to fabricate conductive 
composite films. The composite films of polyaniline: 
nylon-6,6 are prepared by diffusion technique and the 
films are used as electroactive cathode in the self 
constructed electrochemical cells to estimate the 
diffusion coefficient of the dopant ions into the films 
by galvanostatic pulse technique. The dopant diffusion 
rates are in the low range of ~ 10"" cm^s''. These values 
are too low for battery application, whereas the rates of 
dopant diffusion values around 10'* cm^s' are ideal for 
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battery applications. Although, chemical doping via 
acid base chemistry is a more efficient method, the 
electrochemical doping and imdoping of 
polyaniline:nylon-6,6 composite films are performed 
successfully for the measurement of diffusion 
coefficient The electrochemical cell model thus 
constructed is a wet type battery in which the 
electrolyte is aqueous ZnClj or non-aqueous AICI3 in 
solvent (DMSO). The electrochemical processes of the 
secondary batteries involve the inter-conversion of 
chemical energy into electrical energy and vice versa. 
During the discharging of the cell, the anion (CI) is 
released from the cathode and the anode material 
(Zn/Al) dissolves in the electrolyte forming cation 
(Zn^ /^Al^ *) and deposition of these species occurres in 
case of charging process. Therefore, during 
discharging and charging, diffusion of the anions takes 
place into and out of the film. Diffusion of CI" into the 
polyaniline;nylon-6,6 composite films is of Fickian 
type, yet the estimation study could further be 
improved. 
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ABSTRACT: Electrically conducting composite films of f)oly-
aniltne:polyacyrlonitrile (PANIrPAN) prepared with varying 
composition ratios of aniline mixed witii a fixed amount PAN. 
The films of optimum thicknesses (0.10 mm) were obtained 
using an electrically operated automatic pressure machine. 
The films polymerized by oxidative polymerization using 
O.IM potassium persulphate (K2S2O8), undoped in IM aque-
ous ammonia (NH40H) and doped in IM hydrochloric acid 
(HCl). The conductivity of composite films was studied by 
keeping it in IM HCl for different time period using 4-in-line 
probe DC electrical conductivity measuring instnmient and 
the temperature dependence of DC electrical conductivity was 
studied using isothermal technique. The PANI:PAN compos-
ite film is used as a working electrode in an electrochemical 
cell. Chemically doped composite film is used as cathode 
(working electrode), aluminum metal foil as anode (counter 
electrode) and platinum foil as reference electrode. The elec-
trolyte is of 0.05M aluminum chloride (AICI3) in dimethyl sulf-
oxide (DMSO). The voltage of the working electrode is stabi-
lized with respect to the reference electrode and current 
applied between the working and counter electrode through a 
9-V battery. The change in voltage versus time is plotted as the 
discharge curve and reversing the cell processes results in the 
doping of the composite films. The diffusion coefficient of 
the dopant ion (Q~) present in the fully doped films were esti-
mated by the galvanostatic pulse technique and found to 
be different in different samples in the range of 10"'* to 
10~'^cm^S~'. © 2008 Wiley Periodicals, Inc. J ApplPolym Set 108: 
3769-3780,2008 
Key words: composites; diffusion in conducting compo-
sites; polyaniline; charging-discharging 
INTRODUCTION 
The electrically conductive polymers have been the 
focus of numerous studies because of their unique 
chemical and electronic properties unlike we were 
used to polymers—i.e., plastics—being somehow the 
opposite of metals. But, Alan J. Heeger, Alan G. 
MacDiarmid, and Hideki Shirakawa have changed 
this view with their discovery that a polymer, poly-
acetylene, can be made conductive almost like a 
metal.' The ability to dope these polymers over the 
wide range of electrical conductivity from insulator, 
through semiconductor, to metal, opened a new field 
of research and perspective.^ The higher conductiv-
ities are related to an oxidation state of the organic 
material.^ Further conducting material of improved 
performance having chemical and environmental sta-
bility and desirable mechanical strength composites 
of a bulk material (usually nonconducting polymer) 
was employed as a matrix to the electrically conduc-
tive pol)miers. The resulting composite can also be 
used in applications where metals have typically 
Correspondence to: F. Mohammad (faizmohammad54@ 
rediffmail.com). 
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been the materials of choice. These materials offer a 
unique combination of properties such as processi-
bility and tailorable electrical conductivity that make 
them very attractive materials in the electronic area.'* 
The advantages of using these materials include 
their lightweight, resistance to corrosion and their 
ability to be readily adapted to the needs of a spe-
cific application. These composites possess outstand-
ing electrochemical, chemical, and mechanical prop-
erties. As the electroanalytical characterization of 
such materials is a prequalification to select them for 
a particular application, this article presents the 
preparation and electroanalytical characterization of 
electrically conducting composites based on polyani-
line and polyacrylonitrile. 
One of the most promising applications of con-
ducting polymers, that was the focus of attention 
worldwide, was that of lightweight batteries. While 
a number of the conjugated polymers were tried, 
most of them failed to exhibit the desired properties, 
specifically with respect to stability. However, bat-
teries made using either polypyrrole or polyaniline 
as the positive electrode (cathode) and lithium-alu-
minum alloy as the negative electrode (anode) exhib-
ited much more respectable properties. The electro-
lytes in these cases were either LiC104 or LiBF4 in 
propylene carbonate (a highly aprotic solvent, which 
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Figure 1 Set up of electrochemical cell for charging-
discharging and diffusion study. 
is also fairly resistant to oxidation). Research activ-
ities on polyaniline composites involve experimental 
electrochemical studies, which are explored to gain 
understanding of fundamentals related to several 
areas of applications, such as batteries, conducting 
polymers, electrochemical capacitors, sensors, elec-
trocatalysis of oxidation of small organic molecules, 
fuel cells, electrochemical reduction of carbon diox-
ide, etc. In the area of batteries, various studies 
related to rechargeable lithium and magnesium bat-
teries have been conducted in recent years. Prepara-
tion of positive electrode active materials and their 
electrochemical evaluation for battery application 
have been studied. The basic concept is to relate the 
chemical and electrochemical doping of an organic 
polymer to their applications as electroactive materi-
als in rechargeable batteries. One major drawback of 
this battery was that the energy density or energy 
storage capacity was low and its recyclability (charging-
discharging cycles) was relatively poor. Thus, the 
prospects of polymeric battery are still alive and 
are awaiting further technological refinement 
(Munichandraiah, N. Indian Institute of Science, muni® 
ipc.iisc.emet.in; personal communication). 
In this article, we have reported a simple chemical 
route to fabricate electrically conductive films, using 
polyacrylonitrile as supportive matrix and polyaru-
line (emeraldine base) as the electronically conduc-
tive polymeric filler. The resulting materials are 
environmentally stable and mechanically strong free-
standing films. 
EXPERIMENTAL 
Preparation of PANI:PAN composite films 
Polyacrylonitrile was quantitatively weighed and 
dissolved in tetrahydrofuran and kept at room tem-
perature for 24 h. Aniline in quantitative ratio is 
poured dropwise in the PAN solution and stirred 
for homogeneous mixing of aniline. The mixture is 
then slowly poured in glass circle and left undis-
turbed to be dried completely for 2-3 days. After the 
film is completely dried, it is slowly removed from 
the glass circle and stored in airtight polybags until 
further processing. 
A small portion is cut from the film thus prepared 
and pressed in electrically operated automatic Pres-
sure (Model-PF-A15, Techno Search Instruments) in 
0.1 mm die at pressure of 6 ton is applied at 120°C. 
The film thus obtained is of thickness of ranging 
between 0.1 mm. From each film a rectangular por-
tion of cross section area (2.5 X 1) cm^ is cut, 
weighed, and then polymerization in aniline-soaked 
PAN films is effected in O.IM potassium persulphate 
solution (in IM HCl) for 48 h. Composite film thus 
synthesized is washed in distilled water and dried 
in dry box for 4-5 h. Each film is then carefully 
weighed in an electronic balance, their density calcu-
lated from the weight and volume data and dc elec-
trical conductivity measured by the four probe tech-
nique. The conductivity of each film is further 
enhanced to the range of metals by doping in IM 
HCl for a maximum period. 
Preparation of cathode active materials 
The preparation of PANLPAN composite films (as a 
cathodic material) was done by immersing aniline 
(doubly distilled) in PAN solution. The PANLPAN 
film is pressed in electrically operated automatic 
press to obtained film thickness ranging between 
0.10 and 0.15 mm. Aniline is polymerized within the 
PAN matrix with O.IM potassium persulphate in IM 
HCl for 24 h. The films were taken out and washed 
with doubly distilled water, undoped by treatment 
with excess of aqueous ammonia (2.5%) and repeat-
TABLE I 
Preparation of Polyaniline:PolyacryIonitrile (PANI:PAN) Composite Films 
Sample 
PANI:PAN-1 
PANI:PAN-2 
PANI:PAN-3 
Quantity 
of PAN (g) 
1.0 
1.0 
1.0 
Quantity of 
aniline 
(s) 
0.5 
0.75 
1.0 
(mL) 
0.49 
0.735 
0.98 
Quantity of 
THF(mL) 
30 
30 
30 
Quantity of O.IM 
K2S2O8 (mL)" 
100 
100 
100 
" Solution of K2S2O8 prepared in HCl (IM). 
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TABLE II 
Electrical Conductivity of Polyaniline:PoIyaciylonitrile (PANLPAN) Composites Films 
Sample 
PANI:PAN-1 
PANI:PAN-2 
PANI:PAN-3 
a' 
b 
c 
d 
e 
f 
R 
a 
b 
c 
d 
e 
P 
g 
a 
b^ 
Quantity of O.IM 
K2S2O8 (mL) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Thickness of 
composite film (mm) 
0.14 
0.15 
0.14 
0.15 
0.16 
0.17 
0.13 
0.15 
0.15 
0.16 
0.14 
0.20 
0.13 
0.17 
0.14 
0.16 
Weight of polymerized 
film 
Before doping 
0.0325 
0.0396 
0.0363 
0.0355 
0.0362 
0.0343 
0.0336 
0.0271 
0.0320 
0.0380 
0.0325 
0.0350 
0.0355 
0.0335 
0.0331 
0.0361 
(g) 
After doping 
0.0342 
0.0436 
0.0400 
0.0380 
0.0380 
0.0363 
0.0360 
0.0300 
0.0326 
0.0385 
0.0340 
0.0345 
0.0388 
0.0300 
0.0360 
0.0378 
DC electrical conductivity 
of PANI:PAN composite 
fUm(S 
Undoped 
2.9 X 10"^ 
2.4 X 10"^ 
4.7 X 10"^ 
3.7 X 10^^ 
6.9 X 10" ' 
1.6 X 10" ' 
1.2 X 10" ' 
1.5 X 10"* 
3.2 X 10"" 
4.16 X 10"^ 
2.7 X 10"^ 
1.53 X 10" 
1.13 X 10° 
7.4 X 10"^ 
1.4 X 10"' 
2.5 X 10"' 
cm"') 
Doped 
3.0 X 10° 
8.0 X 10" ' 
1.58 X 10" ' 
6.2 X 10"" 
1.7 X lO"" 
5.0 X 10"" 
2.0 X 10" ' 
3.6 X 10"^ 
1.3 X 10" ' 
6.1 X 10"' 
2.6 X 10"' 
5.5 X 10"' 
1.7 X 10° 
6.5 X 10"' 
2.2 X 10"' 
1.2 X 10° 
' Selected for different measurements. 
edly washed with distilled water until the filtrate 
became r\eutral. The composite films were redoped 
with IM HCl for 48 h and then dried for 24 h at 
45°C in a dry box and then stored in desiccator for 
experiments. 
TABLE III 
FTIR Peak Positions (cm~*) of Polyaniline (PANI), 
Polyacrylonitrile (PAN), and PoIyaniHne:Polyacrylonitrile 
(PANI:PAN) Composites 
PANI PAN 
PANI: 
PANl-la 
3259 
3035 
2846 
2358 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
3969 
3652 
3555 
3442 
2950 
2844 
2653 
2598 
2414 
2051 
1962 
1726 
1637 
1451 
1387 
1069 
983 
954 
912 
842 
827 
810 
750 
655 
524 
3617 
3551 
3440 
2950 
2844 
2592 
2.49 
1965 
1726 
1603 
1457 
1387 
1145 
1034 
988 
912 
841 
827 
810 
750 
694 
618 
554 
509 
PANI: 
PANl-2f 
3439 
3239 
3004 
2049 
1965 
1736 
1580 
1427 
1384 
1267 
1104 
1064 
985 
911 
841 
826 
810 
750 
693 
583 
510 
PANI: 
PAN-3b 
3469 
3234 
3007 
2048 
1959 
1724 
1580 
1427 
1387 
1266 
1102 
1064 
983 
913 
841 
825 
803 
751 
696 
588 
510 
Set up of electrochemical cell 
PANIrPAN composite films are used as working 
electrode in the electrochemical cell. Fully doped 
(chemically) composite film is considered to be 
4000 2800 1800 1200 
Wave Ntmiber (cm"*) 
500 
Figure 2 FTIR spectra of polyaniline, polyacrylonitrile 
and polyaniline:polyacrylonitrile (PANI:PAN) composite 
films (a) PANI, (b) PAN, (c) PANI:PAN-la, (d) PANI: 
PAN-2f, (e) PANI:PAN-3b. 
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Figure 3 SEM photographs of PANI:PAN composites taken at two different magnifications, (a) PANI;PAN-la at low 
magnification (a') PANI:PAN-la at high magnification, (b) PANI:PAN-2f at low magnification (b') PANI:PAN-2f at high 
magnification, (c) PANI:PAN-3b at low magnification (c') PANI:PAN-3b at high magnification. 
charged. Thereby a fully charged composite film is 
used as cathode (working electrode), aluminum 
metal foil is used as anode (counter electrode) and 
platinum foil as reference electrode. The electrolyte 
is of aluminum chloride in DMSO and had a con-
stant pH of around 4-5. 1 cm^ area of these electro-
des was dipped in 20 mL electrolyte solution in a 
glass beaker. The positive pole of a 9-V battery 
was connected to the counter electrode (aluminum 
foil) with Teflon-coated platinum wire and the neg-
ative pole to the positive electrode (PANI:PAN 
composite film). On the other hand, the reference 
electrode (platinum foil) and as well the working 
electrode were connected to the digital multimeter 
(Fig. 1). 
Current is then applied between the working and 
counter electrode through a 9-V battery and voltage 
of the working electrode stabilized v/ith respect to 
the reference electrode. The change in voltage versus 
time is recorded and the discharge curve obtained. 
Estimation of diffusion coefficient into and 
out of composite films 
The various techniques available for ionic diffusion 
measurement have been discussed briefly with the 
merits and demerits of their use for different types 
of materials by Foot.^ The galvanostatic pulse tech-
nique has been used very successfully to estimate 
Li ion diffusion in TiSj by Winn et al.^ and in 
NiPSs, FePSs, and FePSes single crystals by Foot.* 
In this method a constant current pulse is passed 
through the equilibrated electrode material. This 
causes a change in the electrode potential against a 
standard electrode due to deposition of a quantity of 
ions equivalent to IP/F on the electrode surface. An 
amount of 10~^° to 10~® mol of dopant (depending 
upon strength of pulse) was deposiied on the poly-
mer electrode as the diffusion equation would be 
valid only for small changes in electrode potential 
i.e., small change in y value. Clean Al or Pt foil 
was used as standard electrode. Potential of this 
Journal of Applied Polymer Science DOI 10.1002/app 
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TABLE IV 
Discharging of PolyanilineiPolyaciylonitrile (PANI:PANF) Composite Films 
(a) PAN:PAN-la 
Time (min) 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Voltage (V) 
- 1 5 
-15.25 
-15.4 
-15.52 
-15.63 
-15.72 
-15.78 
-15.8 
-15.84 
-15.87 
-15.93 
-15.97 
-16.02 
-16.05 
-16.06 
-16.07 
-16.08 
-16.09 
-16.08 
-16.07 
-16.08 
(b) PANI:PAN-2f 
Time (min) 
0 
1 
2 
3 
4 
5 
6 
7 
8 
10 
12 
15 
17 
20 
22 
25 
28 
30 
-
-
-
Voltage (V) 
-15.7 
-15.82 
-15.9 
-15.98 
-16.1 
-16.18 
-16.22 
-16.24 
-16.25 
-16.26 
-16.27 
-16.28 
-16.3 
-16.31 
-16.32 
-16.318 
-16.32 
-16.33 
-
-
-
(c) PANI:PAN-3b 
Time (min) 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
-
-
-
-
-
- -
-
Voltage (V) 
-9.97 
-10.32 
-10.48 
-10.6 
-10.66 
-10.74 
-10.86 
-10.94 
-11.00 
-11.04 
-11.08 
-11.11 
-11.12 
-11.12 
-
-
-
-
-
-
-
"quasistandard" electrode may be assumed to be 
constant during the experiment, as equilibration 
does not take too long. As the deposited ions diffuse 
into the electrode material, the surface concentration 
changes and the electrode potential recovers. A plot 
of recovery voltage (£()against t"^^^ should follow a 
straight line, if the diffusion behavior is governed by 
Pick's law. The following expression was used for 
the estimation of the diffusion coefficient for the ions 
into and out of the electrode material. 
exp V T ' IP (1 - y)FACo\hDt (1) 
Plot of (Ei - Eo) versus t ^^^ follows a straight line 
of slope, 
IPRT 
{\-yfPAC„s/KD 
Dn IPRT 
(1 - yyPACoS 
D = 
I2p2j(2jl 
{l-yyP^A^CiS^K 
2 - 1 
- cm s 
(2) 
(3) 
(4) 
where / is the current strength of impulse (A), P is the 
duration of the impulse (s), R is the universal gas con-
stant (8.314 J mol"^ K"^), T is the experimental tem-
perature (K), F is Faraday's constant (96,487 .mol"'), 
A is the area of working electrode (cm^), Cg is the 
dopant concentration in the composite film (mol 
cm~^), (1—y) is the concentration correction factor 
and £„ is the original equilibrium potential of the 
electrode. This method is preferred because during 
data acquisition, the current does not pass through 
the electrode material. So no correction has to be 
made for electron transfer kinetics or variable Ohmic 
(IR) potential difference. 
It is essential to know that the extent of dopant 
present in the polymer for the estimation of the dif-
fusion coefficient, therefore, as-prepared PANLPAN 
composite films were undoped in electrochemical 
cell containing appropriate electrolyte solution by 
applying a limiting current of few-microamperes at 
40°C, some before and some after diffusion measure-
ments, to establish that there is no loss of dopant by 
any other reaction such as moisture compensation 
during data acquisition. The voltage against an alu-
minum electrode was recorded at regular intervals.'^ 
Mol. Ratio y 
Dopant concentration, C = 
itM,„ 
yd 
{M,„+yMd) 
(5) 
mol cm •' (6) 
where €„ is the dopant concentration in polymer com-
posite (mol cm~^), y is the mol ratio (number of mol of 
dopant present per monomer mut), I is the strength of 
the current passed (A), t is the time taken in undoping 
(s), M,„ is the formula weight of monomer residue (g), 
F is the Faraday's constant (96,487 C mol"'), w is the 
weight of polymer (g), d is the density of the poly-
Jourml of Applied Polymer Science DOI 10.1002/app 
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Figure 4 Electrochemical discharging of PANI:PAN com-
posite fUms-(a) PANI:PAN-la, (b) PANI:PAN-2f, and (c) 
PANI:PAN-3b in AICI3 (DMSO). 
mer, and M^ is the formula weight of dopant ion (g). 
The highly conducting film from each sample was 
selected for different measurement. 
PANI:PAN-2a PANI:PAN-2f PANI:PAN-3b for elec-
trochemical and diffusion studies. 
The composite films are oxidized in an aqueous 
acidic (HCl) medium with potassium persulphate, 
the protonated conducting form of polyaniline is 
produced as per the following equation: 
-K>rOK>OH 
Emeraldine base <non-conducting) 
| H C I 
Emeraldine sail (conducting) 
(7) 
CI- c r , 
-10iK>r^K>rt 
Both the conducting form of PANI, A and B, exists 
in equilibrium with each other. The mechanisms of 
the two forms are explained on the basis of proton 
induced spin impairing mechanism, but with no 
change in the number of electrons in the polymer 
chain.* 
The conducting PANLPAN composite films so 
formed are undoped with either gaseous or aqueous 
ammonia. Schollhom and Zagefka' have suggested a 
redox reaction for ammonia or amine intercalation 
into layered metal chalcogenides, which has been 
further supported by the work of Foot and Shaker.'" 
The overall chemical reaction for the disproportiona-
tion of ammonia is given by the following equation: 
8NH3^6NH4--l-6e--l-N2 (8) 
In addition, the analogous redox reaction for chemical 
compei\sation by water is suggested by Mohammad" 
as per the given equations: 
6H2O -> 4H3O+ + 4e- -I- O2 (9) 
RESULTS AND DISCUSSION 
Preparation of conducting polymer 
composite materials 
The different samples of PANI:PAN composite films 
were prepared by casting a homogeneous mixture of 
aniline with polyacrylonitrile dissolved in tetrahydo-
furan solution (Table I). The conductivity of each 
film is enhanced to the range of metals by doping in 
IM HCl for a maximum period and the dc electrical 
conductivity of each film tabulated Table II. On the 
basis of high electrical conductivity the samples 
Journal of Applied Polymer Science DOI 10.1002/app 
When aqueous ammonia is taken for undoping the 
disproportionation reaction is explained by the fol-
lowing equation: 
N H 4 0 H ^ N H + +OH- (10) 
The electrochemical undoping and chemical compen-
sation behavior of polythiophene and polypyrrole 
[PTh-BF4 and PPy-BF4] can be well explained.* The 
gaseous or aqueous ammonia compensation of PTh-
BF4 is chemically neutralized for its electronic charge 
as per the equations given below: 
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TABLE V 
Diffusion Behavior of Folyaniline:Polyacrylonitrile-l (PANI:PAN-la) Composite 
Films and Estimation of Diffusion Coefficient 
Film specification 
w = 0.0295 g 
d = 0.05 g m m " ' 
a = 1.47 S cm""' 
/• = 150 mA 
P = 5 s 
; = 1 X 10"" A 
y = 4.7115 
C„ = 9.055 X 10"" 
1 
2 
3 
4 
t (s) 
3 
5 
10 
12 
15 
18 
25 
E„ = 0.07 V 
5 
8 
10 
15 
18 
30 
32 
E„ = OV 
8 
10 
15 
18 
20 
30 
45 
75 
90 
E„ = -0.02 V 
4 
10 
12 
15 
30 
60 
E„ = -0.04 V 
E, 
0.15 
0.12 
0.11 
0.10 
0.09 
0.08 
0.07 
S = 0.0755 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0 
-0.01 
-0.02 
S = 0.0873 
0.04 
0.02 
0.01 
0 
-0.01 
-0.02 
S = 0.0892 
, -1 /2 
0.577 
0.447 
0.316 
0.288 
0.258 
0.236 
0.2 
0.447 
0.354 
0.316 
0.258 
0.236 
0.183 
0.177 
S = 0.0787 
0.354 
0.316 
0.258 
0.236 
0.224 
0.183 
0.149 
0.115 
0.105 
0.500 
0.316 
0.288 
0.258 
0.183 
0.129 
D = 
D = 
D = 
D = 
E, E„ 
0.08 
0.05 
0.04 
0.03 
0.02 
0.01 
0 
: 1.665 X 10 '^ 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
1.298 X 1 0 " " 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0 
1.100 X 1 0 " " 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
= 1.55 X 10" ' 
PTh+ - BF4- + N H ^ + e" -^  PTh + NH^BF4" (11) 
PTh+ - BF4 + H3O+ + e" -^  PTh + HBFj + H2O 
(12) 
The explanation given for the undoping of polythio-
phene and polypyrrole on the basis of eqs. (11) and 
(12) cannot satisfactorily explain the undoping phe-
nomenon in polyaniline or its composites. Hence, 
the analogous reactions^^ explaining undoping with 
either gaseous or aqueous ammonia and doping 
with HCl (IM) of polyaniline component of the com-
posite has been suggested as: 
|nNH40H (13) 
The A form of the doped polyaniline (eq. 7) 
undergoes undoping with aqueous ammonia and 
similar equation is also been suggested for the B 
form: 
cr cr 
ft 
i' nNH(OH 
+ nNH4CI+H20 
+2e"1 -2e' 
(14) 
Emeraldine base 
(undoped) form 
In addition, both the forms of the doped polyani-
line A and B (eq. 7) have also been suggested to 
react with gaseous ammonia and in both the case 
the product is the fully reduced form of polyaniline, 
i.e., leucoemeraldine. 
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TABLE VI 
Diffusion Behavior of Polyaniline:Polyacrylonitrile-2 (PANl:PAN-2f) Composite 
Films and Estimation of Diffusion Coefficient 
Film specification 
w = 0.0335g 
rf = 0.1 g mm"' 
a = 0.55 S cm" ' 
I = 150 mA 
P = 5 s 
1 = 1 X IQ-* A 
y = 7.780 
Q = 2.109 X 10"" 
1 
2 
3 
4 
£o 
£o 
Ea 
£o 
' (s) 
4 
8 
11 
12 
15 
45 
60 
= 0.62 V 
2 
3 
5 
7 
10 
12 
25 
60 
= 0.60V 
5 
6 
12 
20 
40 
85 
= 0.58V 
2 
4 
5 
7 
12 
25 
50 
= 0.57V 
S 
S 
S 
S 
E, 
0.71 
0.68 
0.67 
0.66 
0.65 
0.64 
0.63 
= 0.958 
0.69 
0.67 
0.66 
0.65 
0.64 
0.63 
0.62 
0.61 
= 0.0825 
0.66 
0.63 
0.62 
0.61 
0.60 
0.59 
= 0.0854 
0.65 
0.63 
0.62 
0.61 
0.60 
0.59 
0.58 
= 0.0858 
(-1/2 
0.500 
0.354 
0.302 
0.288 
0.258 
0.149 
0.129 
0.707 
0.577 
0.447 
0.378 
0.316 
0.288 
0.200 
0.129 
0.447 
0.354 
0.258 
0.224 
0.185 
0.108 
0.707 
0.500 
0.447 
0.378 
0.288 
0.200 
0.141 
D 
D 
D 
D 
E , - £ „ 
0.09 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
= 8.234 X 10~" 
0.09 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
= 1.863 X 10"'^ 
0.08 
0.05 
0.04 
0.03 
0.02 
0.01 
= 7.700 X 1 0 " " 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
= 1.852 X 1 0 " " 
and 
n n 
CI" ^ = ^ cr-j 
\ 
nNH3^==nNH4 +ne' 
(15) 
(16) 
+ nNH4CI 
The charge neutralization reaction depends on the 
rate of chemical reaction between the conducting 
polymer and undoping agent, which in turn 
depends upon the reactivity of the polymer chain 
and basic strength of undoping agent. 
On doping the PANI.PAN composite film with 
HCl (IM) solution results in the conversion of non-
conducting emeraldine base form to the conducting 
emeraldine salt form of the polyaniline as per the 
general equation: 
I (17) 
k '^-' ft 
Emeraldine base (non-conducting) 
HCl 
5'" 
r 
A 
Emeraldine salt (conducting) 
FTIR studies 
The FTIR values shown in Table III and spectra of 
PANIrPAN composites are presented in Figure 2. 
The band corresponding to out of plane bending vibra-
Joumal of Applied Polymer Science DOI 10.1002/app 
PREPARATION OF PANI:PAN COMPOSITE FILMS 3777 
TABLE VH 
Diffusion Behavior of Polyaniline:PoIyacryIonitrile-3 (PANI:PAN-3b) Composite 
Films and Estimation of Diffusion Coefficient 
Film specification 
w = 0.0403 g 
d = 0.611 g mm"^ 
CT = 1.2 S cm" ' 
I = 150 mA 
P = 5 s 
/ = 1 X lO"* A 
y = 6.466 
Co = 1.226 X 10"^ 
1 
2 
3 
4 
Eo 
E„ 
Ea 
£» 
f(s) 
1 
2 
3 
4 
10 
15 
20 
35 
65 
105 
= -0.29 V 
7 
15 
20 
30 
= -0.35 V 
1 
2 
4 
10 
15 
25 
= -0.38 V 
1 
2 
4 
7 
10 
12 
15 
20 
40 
= -0.36 V 
E, 
-0.04 
-0.15 
-0.16 
-0.17 
-0.22 
-0.24 
-0.25 
-0.26 
-0.27 
-0.28 
S = 
-0.27 
-0.32 
-0.33 
-0.34 
S = 
-0.20 
-0.27 
-0.28 
-0.33 
-0.34 
-0.35 
S = 
-0.20 
-0.25 
-0.26 
-0.29 
-0.30 
-0.31 
-0.32 
-0.33 
-0.34 
S = 
, -1 /2 
1 
0.707 
0.577 
0.500 
0.316 
0.258 
0.224 
0.169 
0.124 
0.098 
0.0989 
0.378 
0.258 
0.224 
0.183 
0.0901 
1 
0.707 
0.500 
0.316 
0,258 
0.200 
0.1034 
1 
0.707 
0.500 
0.378 
0.316 
0.288 
0.258 
0.224 
0.158 
0.1039 
D 
D 
D 
D 
El £„ 
0.25 
0.14 
0.13 
0.12 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
= 2.855 X 10~'* 
0.08 
0.03 
0.02 
0.01 
= 4.282 X 1 0 " " 
0.18 
0,11 
0.10 
0.05 
0.04 
0,03 
= 3.432 X l O " " 
0,16 
0.11 
0.10 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
= 3.282 X 1 0 " " 
tion of C—H bond of p-disubstituted benzene rings 
appears at 824 cm"\ The bands corresponding to 
stretching vibration of N—B—N and N = Q = N struc-
tures appear at 1497 cm"' and 1587 cm"' respectively, 
where — B— and = Q = stand for benzenoid and qui-
noid moieties in the polyaniline. The bands correspond-
ing to vibration mode of N = Q = N ring and stretching 
mode of C—N bond appear at 1143 cm"' and 1302 
cm"'. The FTIR spectrum supports the presence of ben-
zenoid as well as quinoid moieties in the polyaniline. 
The characteristic broad band for CN groups in poly-
acrylonitrile appears arovmd 1995 cm"'. Two character-
istic bands for CH2 appear around 1451 cm""' and 
around 750 cm"' for the bending and rocking vibra-
tions, respjectively. In the composite, the gradual 
increase in the intensities of the bands corresponding to 
PANI and decrease in the band corresponds to PAN 
support the gradual change in the composition of the 
composite formulation as evident from Figure 2. 
SEM Studies 
Figure 3 refers to the SEM photographs of PANI: 
PAN composite films at two different magnifications. 
Evidently, the composite of polyaniline in the poly-
acrylonitrile matrix is observed, and the film mor-
phology studied. 
Electrochemical Studies 
The PANLPAN film is applied in the electrochemical 
cell as working electrode. The Al foil as a counter 
electrode and Pt foil used as a reference electrode 
immersed in solution of AICI3 in DMSO to monitor 
the potential of PANLPAN cathode. The variation of 
charging-discharging cycles was recorded by a digi-
tal multimeter and data tabulated (Table IV). 
During the discharging process, the decrease in 
voltage with current is abrupt in the beginning and 
then it followed a gradual drop in voltage (Fig. 4). 
This can be inferred that it may be due to gradual 
change in the oxidation states of polyaniline, i.e., 
from oxidized form of polyaniline (emeraldine salt) 
to the not fully reduced form of polyaniline (emeral-
dine base). Further confirmation for the discharging 
process is supported by the film conductivity taken 
before and after the process. The magnitude 
Journal of Applied Polymer Science DOI 10.1002/app 
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Figure 5 Diffusion behavior of polyaniline: polyacryIonitrile-1 (PANI:PAN-la composite films). 
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Figure 6 Diffusion bef\avior of polyaniline:polyacrylonitrile-2 (PANI:PAN-2f) composite films. 
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Figure 7 Diffusion behavior of polyaniline:polyacrylonitrile-3 (PANI:PAN-3b) composite films. 
decrease in the electrical conductivity follows the 
discharging of the working electrode. 
For the cell (AI/AICI3, PANI:PAN) reaction 
assumed for the discharging of PANLPAN compos-
ite films is as follows: 
n A l - ^ n A P + + 3 n ( e - ) (18) 
I + 3n (H*) + 3n (e) 
\ (19) 
at anode, and at the cathode, giving the over all dis-
charge reaction: 
l-^^ -H-„ 
- n Al + 3n (HCI) 
f (20) 
• nAICIj 
Since the reaction is reversible, the cell reaction dur-
ing charging is the reverse of that during discharg-
ing. And the charging process is therefore confirmed 
by measuring its conductivity. The magnitude 
increase in the electrical conductivity follows the 
charging of the working electrode. Thus, the revers-
ibility of the electrochemical cell established. 
Diffusion studies on PANI:PAN composite films 
The change in the electrode potential against a 
standard reference electrode caused due to deposi-
tion of dopant ions on the electrode surface is tabu-
lated with respect to increasing time. The transport 
of ions into or out of a film can be followed by pass-
ing a short current pulse (5 s) to create an instanta-
neous excess, or deficit, of doping counter-ion on the 
surface of the film immersed in an electrolyte (AICI3 
in DMSO) solution. As the deposited ions diffuse 
into the electrode material, the surface concentration 
changes and the electrode potential recovers. It is 
possible to determine the diffusion coefficient of 
dopants into PANP.PAN composite film from the 
plot of recovery voltage, £, against r ' ^ ^ . Since the 
diffusion behavior is governed by Pick's law the plot 
follow to be a straight line. The estimation of the dif-
fusion coefficient for the ions into and out of the 
electrode material was estimated by the expression 
in equation 1. 
The change in the electrode potential (£,) against a 
standard reference electrode with respect to increas-
Journal of Applied Polymer Science DOI 10.1002/app 
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ing time is tabulated for all the three samples pre-
pared (Tables V, VI, and VII). The different parame-
ters for the diffusion of ions into and out of the 
polymer backbone are calculated as per equations 8 
and 9. The discharge curve of, recovery voltage (E, 
- £„) against r^^^, is plotted (Figs. 5, 6, and 7) and 
the slope from the straight line deduced. The diffu-
sion coefficient of the electrode material was esti-
mated using equation 4. 
From the estimated diffusion coefficient for the 
different samples of PANLPAN composite films it is 
interpreted that different contents of PANI exhibit 
different diffusion behaviors. Although the coeffi-
cient values of PANI:PAN-la, PANI:PAN-2f, and 
PANI:PAN-2b are not significantly different, yet the 
extent of diffusion in the composite films is of signif-
icance. The diffusion coefficient decreases vv^ ith 
increasing dopant-ion concentration and increases 
with the size of dopant-ion. 
CONCLUSIONS 
The aim of this study was preparation of electrically 
conducting PANI:PAN composite films, to study the 
electrochemistry of the film and to estimate the dif-
fusion coefficient of the dopant ions into the film. 
The PANI:PAN composite films so formed were suc-
cessfully applied as an electro-active cathode mate-
rial in rechargeable (secondary) batteries. Although 
doping chemically via acid base chemistry was more 
efficient yet a successful attempt was made to elec-
trochemically imdope and dope the chemically syn-
thesized PANI composite films and successfully 
measure the diffusion coefficient. 
The electrochemical cell model thus constructed 
was a wet type battery in which the electrolyte was 
of AICI3 in an organic solvent, i.e., diethylsulphox-
ide. The fact that the electrochemical processes of 
the secondary battery involves the interconversion of 
a chemical energy into electrical energy and 
vice versa led to the realization to study the doping 
and xmdoping of polymer samples. During the dis-
charging of the cell, the anion (CP) is released from 
the cathode and the cation (AP^) is dissolved from 
the anode, and vice versa in case of charging. There-
fore, during discharging and charging, diffusion of 
the anions takes place into and out of the film. Diffu-
sion of Cl~ into the PANI:PAN composite films was 
of Fickian type, yet the estimation study could fur-
ther be improved. 
References 
1. Heeger, A. J.; MacDiarmid, A. G.; Shirakawa, H.; The Nobel 
Prize in Chemistry, Conductive polymers 2000. 
2. Mohammad, F. In Electrically Conducting Polymers: Materials 
and Applications; Srivastava, M. M., Srivastava, S., Ed.; Dis-
covery Publishing House: New Delhi, 2005; 296-313. 
3. Ososhika, Y. J Phys Soc Jpn 1957, 12, 1238. 
4. Jousseaume, V.; Morsli M.; Bonnet, A. J Appl Phys 2000, 88, 
960. 
5. Winn, D. A.; Shemilt, J.; Steel, B. C. H. Mater Res Bull 1976, 
11, 559. 
6. Foot, P. J. S.; Shaker, N. G. Mater Res Bull 1983, 18, 173. 
7. Mohammad, F. D. Phil Thesis, University of Sussex 1987, 80. 
8. Heeger, A. J. Synth Metals 2002, 125, 23. 
9. Scholhom, R. Zagefka, H. D. Angew Chem Int Ed Engl 1997, 
16, 199. 
10. Foot, P. J. S.; Shaker, N. G. Mater Res Bull 1983, 18, 173. 
11. Mohammad, F. J Phys App Phys D 1998 31, 951. 
12. Syed A. A.; Dinesan, M. K. React Polym 1992, 17, 145. 
Journal of Applied Polymer Science DOI 10.1002/app 
